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Abstract 

En microscopie à force atomique (AFM),  la force d'interaction pointe-échantillon peut 

être mesurée à l'aide de deux techniques de détection principales : la détection par faisceau 

optique (OBD) et la détection électrique. Cependant, la commodité de la méthode de 

détection électrique pour les mesures AFM se fait au détriment d'un bruit de force supérieur à 

celui de la méthode optique. Dans le procédé de détection électrique, il y a un compromis à 

faire entre la réduction du bruit de la force et le maintien des caractéristiques du cantilever 

(par exemple, la fréquence de résonance, la constante de rappel et la dimension plane) dans 

les limites pratiques. Le cœur de mes recherches a été de développer des cantilevers hybrides 

multicouches à détection électrique avec une sensibilité de force supérieure d'un ordre de 

grandeur aux cantilevers en silicium de l’état de l’art. En utilisant un approche d'ingénierie des 

matériaux et des techniques de fabrication standard, les cantilevers introduits sont conçus de 

manière à ce qu'un noyau de polymère soit pris en sandwich entre deux films minces durs. Les 

cantilevers multicouches à détection électrique sont conçus pour être épais et mous. Ils 

combinent en conséquence une sensibilité de déflexion accrue avec une faible constante de 

rappel et augmentent ainsi de la sensibilité de force. Les cantilevers multicouches développés 

sont conçus de manière à respecter les limites pratiques d'un cantilever fonctionnel pour les 

mesures AFM dynamiques. 

La sensibilité de force élevée des cantilevers multicouches hybrides est accompagnée d'une 

bande passante de détection élevée. Ceci est dû au fait que le matériau viscoélastique est la 

couche structurelle principale, ce qui entraîne un facteur de qualité faible et donc une bande 

passante élevée. En termes de vitesse d’imagerie, les cantilevers multicouches surpassent leurs 

homologues en silicium. En plus, ils sont hermétiquement scellés et peuvent être déployés 

pour une variété d’applications de microscopie à sonde à balayage (SPM) dans des liquides, 

ainsi que dans l'air et sous vide avec des revêtements métalliques multifonctionnels. 

Le processus de fabrication adaptable des cantilevers multicouches peut incorporer des 

capteurs de contrainte à facteur de jauge élevé récemment développés pour une augmentation 

supplémentaire de la sensibilité à la déflexion. Comme preuve de concept, je montre que des 

piézo-résistances MoS2 de type atomique peuvent être incorporées aux cantilevers du SU8. 

Cependant, les piézo-résistances MoS2 ont une très importante résistance, ce qui a un effet 
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négatif sur le bruit de force des cantilevers. Une stratégie courante pour atténuer cette 

résistance élevée consiste à doper les piézo-résistances MoS2. Dans ce travail, je montre que le 

SU8 peut servir de couche de cantilever structurelle, de source de dopage de type n et d’une 

solution d’encapsulation pour les piézo-résistances MoS2. 

Outre la résolution de la force et la capacité de suivi, la qualité et la répétabilité de toute 

image AFM sont également corrélées à la forme de la pointe du cantilever (netteté) et à sa 

durabilité. Les cantilevers en SU8 ont montré une très bonne capacité de suivi, mais les 

polymères sont soumis à un taux d'usure élevé en tant que matériau de pointe. Dans le cadre 

de mes recherches, j'ai également mis au point des méthodes de fabrication permettant 

d'intégrer des pointes en nitrure de silicium à faible taux d'usure dans des cantilevers SU8 

purs, ainsi que dans les cantilevers multicouches à noyau de polymère. 

En outre, pour prolonger la facilité d'utilisation et la polyvalence de l'AFM, un scanner en 

boucle fermée basé sur un capteur de déplacement piézo-résistif à paroi latérale est présenté. 

Un tel schéma en boucle fermée compense les non-linéarités du scanner piézo-tube, à savoir 

l'hystérésis, le fluage et la dérive. Ce système en boucle fermée remodèle le signal du piézo-

tube via notre contrôleur Proportionnel-Intégral (PI) développé à base de FPGA. 

 

Mots clés. 

AFM, sensibilité de force, scellé hermétiquement, cantilever hybride multicouche, piézo-

résistance MoS2, noyau en polymère, à détection électrique, SU8, durabilité de la pointe 
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Abstract 

In Atomic force microscopy (AFM), the tip-sample interaction force can be measured 

through two primary detection techniques: optical beam detection (OBD) and electrical (self-

sensing) readout. Compared to the optical method, the convenience of the self-sensing 

readout AFM measurements comes at the cost of higher force noise. In the self-sensing 

method, there is a trade-off between reducing the force noise and maintaining the cantilever 

characteristics (e.g. resonance frequency, spring constant, quality factor, and planar 

dimension) within the practical limits. The core of my research was the development of 

hybrid multilayer self-sensing cantilevers with up to one order-of-magnitude better force 

sensitivity than state-of-the-art silicon self-sensing cantilevers. Thanks to a material 

engineering approach combined with non-standard fabrication methods, the developed 

cantilevers are designed such that a polymer core is sandwiched between two hard thin films. 

The multilayer self-sensing cantilevers are designed to be thick and soft, thus combining 

increased deflection sensitivity with low spring constants, and hence increasing the force 

sensitivity.  

The high force sensitivity of the hybrid multilayer cantilevers is accompanied by a high 

detection bandwidth in AC modes. This originates from having a viscoelastic material as the 

main structural layer, which causes low quality factor and hence high tracking bandwidth. In 

terms of the imaging speed, the multilayer cantilevers show four times faster response 

compared to their silicon counterparts. In addition, the hermetically sealed self-sensing 

multilayer cantilevers can be deployed for various scanning probe microscopy (SPM) 

applications in liquid as well as in air and vacuum with additional coatings. 

For even further increase of the deflection sensitivity, newly developed high-gauge factor 

strain sensors can be incorporated to the multilayer cantilevers governed by their adaptable 

process flow. As a proof of concept, I show that atomically thin MoS2 piezoresistors can be 

incorporated into SU8 cantilevers. However, the MoS2 piezoresistors have very high 
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resistance, which has an adverse effect on the force noise of the cantilevers. One common 

strategy to alleviate this high resistance is doping the MoS2 piezoresistors. In this work, I show 

that SU8 can act as a structural cantilever layer as well as an n-type doping source and an 

encapsulation solution for the MoS2 piezoresistors.   

In addition to the force resolution and the tracking ability, the quality and the 

repeatability of any AFM image is also correlated with the cantilever tip shape (sharpness) and 

durability. SU8 cantilevers have shown very good tracking ability but polymers are subjected 

to high wear-rate as a tip material. In the scope of my research, I have also developed 

fabrication recipes to integrate sharp, low wear-rate, silicon nitride tips into the pure SU8 

cantilevers as well as the polymer-core multilayer cantilevers.   

Furthermore, to extend the ease of use and versatility of AFM, a closed-loop scanner 

based on a sidewall piezoresistive displacement sensor is presented. Such a closed loop scheme 

compensates the piezotube scanner nonlinearities, namely hysteresis and creep. This closed-

loop system reshapes the piezotube drive signal through our developed FPGA-based 

Proportional-Integral (PI) controller. 

 

 

Keywords. 

AFM, force sensitivity, hermetically sealed, hybrid multilayer cantilever, MoS2 

piezoresistor, polymer-core, self-sensing, SU8, tip durability 

 



 

 

1 

Table of Contents 

List of abbreviations ................................................................................................................ 3 

1.        Introduction ................................................................................................................... 5 

1.1 Atomic force microscopy ........................................................................................................... 5 
1.2 My thesis contribution .............................................................................................................. 15 

2.       Integration of sharp silicon nitride tips into high-speed SU8 cantilevers in a batch 
fabrication process ................................................................................................................. 20 

2.1 Abstract ....................................................................................................................................... 21 
2.2 Introduction ............................................................................................................................... 21 
2.3 Cantilever fabrication ............................................................................................................... 22 
2.4 Results ......................................................................................................................................... 24 
2.5 Discussion ................................................................................................................................... 27 
2.6 Conclusion .................................................................................................................................. 28 
2.7 Acknowledgment ....................................................................................................................... 28 

3.       Batch fabrication of multilayer polymer cantilevers with integrated hard tips for 
high-speed atomic force microscopy ..................................................................................... 29 

3.1 Abstract ....................................................................................................................................... 30 
3.2 Introduction ............................................................................................................................... 30 
3.3 Fabrication .................................................................................................................................. 31 
3.4 Results ......................................................................................................................................... 33 
3.5 Discussion ................................................................................................................................... 35 
3.6 Conclusion .................................................................................................................................. 36 
3.7 Acknowledgments ..................................................................................................................... 36 

4.       A novel microfabrication platform for hermetically sealed, hybrid multilayer AFM 
cantilevers .............................................................................................................................. 37 

4.1 Abstract ....................................................................................................................................... 37 
4.2 Introduction ............................................................................................................................... 38 
4.3 Multilayer, polymer-core self sensing cantilevers ................................................................. 40 
4.4 Results and discussion .............................................................................................................. 42 
4.5 Acknowledgment ....................................................................................................................... 46 
4.6 Methods ...................................................................................................................................... 46 
4.7 Supplementary information ..................................................................................................... 50 
4.8 Microfabrication challenges ..................................................................................................... 51 

5.        Self-sensing SU8 cantilevers based on MoS2 piezoresistors ....................................... 56 

5.1 Device design and fabrication process .................................................................................... 57 
5.2 Characterization of MoS2-SU8 cantilevers ............................................................................ 58 
5.3 Toward successful fabrication ................................................................................................. 59 
5.4 Conclusion .................................................................................................................................. 61 



 

 

2 

6.       Air and water-stable n-type doping and encapsulation of MoS2 flexible devices with 
SU8 ......................................................................................................................................... 63 

6.1 Abstract ...................................................................................................................................... 63 
6.2 Introduction .............................................................................................................................. 64 
6.3 Results ......................................................................................................................................... 65 
6.4 Conclusion ................................................................................................................................. 70 
6.5 Methods ...................................................................................................................................... 71 
6.6 Acknowledgements ................................................................................................................... 73 
6.7 Supplementary Information .................................................................................................... 73 

7.       A monolithic MEMS position sensor for closed-loop high-speed atomic force 
microscopy ............................................................................................................................. 77 

7.1 Abstract ...................................................................................................................................... 78 
7.2 Introduction .............................................................................................................................. 78 
7.3 Experimental setup and controller implementation ............................................................ 80 
7.4 Discussion .................................................................................................................................. 87 
7.5 Conclusion ................................................................................................................................. 88 
7.6 Methods ...................................................................................................................................... 88 
7.7 Acknowledgment ...................................................................................................................... 89 
7.8 Toward further extension of the closed-loop scanner ......................................................... 90 

8.       Conclusion and outlook ............................................................................................... 92 

8.1 Tip-integrated SU8 cantilevers ............................................................................................... 92 
8.2 Tip-integrated, hybrid multilayer cantilevers ....................................................................... 93 
8.3 Self-sensing, hybrid multilayer cantilevers ............................................................................ 93 
8.4 Self-sensing SU8 cantilevers based on MOS2 piezoresistors .............................................. 95 
8.5 SU8, a simple and stable doping and encapsulation approach for MoS2 devices ........... 96 
8.6 Nonlinearity compensation of the AFM piezo scanners using a monolithic MEMS 
position sensor in a closed loop scheme .......................................................................................... 97 
8.7 Overall outlook .......................................................................................................................... 97 

9.       Bibliography ................................................................................................................. 98 

10.    Appendix A ................................................................................................................. 109 

11.    Appendix B .................................................................................................................. 114 

12.    CV ................................................................................................................................ 179 

 

	

 



 

 

3 

List of abbreviations 

2D: Two-Dimensional 
 
AFM: Atomic Force Microscopy 
Al: Aluminum 
AM: Amplitude Modulation 
Au: Gold 
 
BCB: Benzocyclobutene 
BHF: Buffered Hydrogen Fluoride 
BSG: Borosilicate Glass 
 
CNT: Carbon Nanotube 
Cr: Chromium 
CVD: Chemical Vapor Deposition 
 
DRIE: Deep Reactive Ion Etching  
 
EBID: Electron Beam Induced Deposition  
 
FET: Field Effect Transistor 
FIB: Focused Ion Beam 
FPGA: Field Programmable Gate Array 
 
GaN: Gallium Nitride 
GBL: Gamma-Butyrolactone  
GF: Gauge Factor 

 
h-BN: Hexagonal Boron Nitride  
HF: Hydrogen Fluoride 
HOPG: Highly Oriented Pyrolytic Ghraphite 
HS-AFM: High Speed Atomic Force Microscopy 
 
Inst. Amp: Instrumentation Amplifier 
 
KOH: Potassium Hydroxide 
KPFM: Kelvin Probe Force Microscopy 
 
LEFID: Local Electric Field Induced Deposition  
LOR: Lift-Off Resists 
LPCVD: Low Pressure Chemical Vapor Deposition 
LSNT: Low Stress Nitride 
 
MEMS: Microelectromechanical Systems 
MFM: Magnetic Force Microscopy 
MoS2: Molybdenum disulfide 
 



 

 

4 

NEMS: Nanoelectromechanical Systems 
  
OBD: Optical Beam Detection 
 
PAG: Photo Acid Generator 
PCB: Printed Circuit Board 
PGMEA: Propylene Glycol Monomethyl Ether Acetate  
PI: Proportional-Integral 
PR: Photo Resist 
PSD: Position Sensitive Detector 
PSG: Phosphorus Silicate Glass  
PS-LDPE: Polystyrene-Low Density Polyethylene 
Pt: Platinum 
 
Q-factor: Quality factor 
 
RMS: Root Mean Squared 
 
SEM: Scanning Electron Microscopy 
Si: Silicon 
SiN: Silicon Nitride 
SMM: Scanning Microwave Microscopy  
SOI: Silicon On Insulator 
SPM: Scanning Probe Microscopy 
 
Ti: Titanium 
TIA: Transimpedance Amplifier 
TMDC: Transition Metal Dichalcogenide 
 



 

 

5 

Chapter 1 

1. Introduction 

1.1 Atomic force microscopy 

1.1.1 Basic operation modes 

In the early 1980s, scanning probe microscopes (SPMs) amazed the world with the first 

real-space atomic-scale images of silicon (111) surface, with monoatomic step lines of 3-

angstrom height [1]. G. Binnig, C. F. Quate and Ch. Gerber then invented atomic force 

microscopy (AFM) in 1986, which was one of the SPM techniques that offered a broader 

range of applications [2]. Principally, AFM is a force sensor that scans the sample surface and 

reveals the surface morphology such that the applied force on the sensor is constantly 

controlled. The force probe, called cantilever, is composed of three parts: a cantilever chip 

body, a beam and a sharp tip (Figure 1-1(a)). 

 
Figure 1-1 AFM cantilever detects tip-sample forces. (a) An AFM cantilever is composed of a chip body for device 
handling, a beam, and a fine tip. (b) The total tip-sample interaction potential at the close tip-sample distances is 
composed of Van der Waals attractive forces and electrostatic repulsive forces. 

The Lennard-Jones interaction potential explains a qualitative sketch of the tip-sample 

interaction in AFM. At large tip-sample distances attractive Van der Waals forces appear, 
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while at short distances repulsive forces arise due to the overlap of electron orbitals of tip and 

sample (Pauli repulsion). Figure 1-1(b) displays how tip-sample interaction potential act at 

different tip-sample distances. Long-range forces (capillary, magnetic and electrostatic) are 

important in multiple SPM methods such as conductive force microscopy or magnetic force 

microscopy.   

In order to keep the cantilever force at a constant value, a scanner moves the sample 

(sample-scan), or the cantilever (tip-scan) up and down in a feedback loop. The topography 

image is generated in a raster scan according to the error signal generated from the feedback 

controller. 

 

 
Figure 1-2 Two commonly used AFM operation modes. (a) Contact mode AFM operates based on static 
measurement of the cantilever deflection in a feedback loop (constant deflection) or without a feedback loop 
(constant height), (b) Intermittent mode operates based on exciting the cantilever at its resonance frequency and 
uses resonance amplitude in a feedback loop (Amplitude modulation) to control the tip-sample distance. 

 

Contact-mode AFM: 

Constant force: Once the cantilever is in the repulsive region, one can set a deflection 

setpoint and use the measured deflection of the cantilever as input to a feedback controller to 
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adjust the cantilever z-position. This technique applies large lateral forces on the sample and 

the cantilever tip.  

     Constant height: When imaging atomically flat surfaces, one straightforward approach is 

measuring the deflection of the cantilever when the scanner is at a fixed height with respect to 

the base of the tip. It means the Z-scanner is not controlled in any fashion and there is no 

control on the tip-sample interaction force. Figure 1-2(a) presents the principal of contact 

mode AFM. 

Dynamic force microscopy (AC-AFM): 

In 1987, Martin et al. introduced an AFM setup, which uses a vibrating cantilever that 

enables a precise force control near the sample surface [3]. This operation technique works 

based on oscillating the cantilever close to its resonance frequency at proximity to the surface. 

The gradient of the tip-sample interaction force modifies the effective spring constant of the 

cantilever and induces a change in the vibration amplitude (ΔA) due to a shift in the 

resonance frequency. Comparing the cantilever amplitude/frequency with the 

amplitude/frequency set point and modifying the Z-scanner position in a feedback loop 

allows for holding the tip-sample interaction force constant. Figure 1-2(b) displays the basics 

of AC-AFM in amplitude modulation (AM-AFM). 

1.1.2 History of AFM cantilever fabrication 

 First AFM probes were made of a foil strip, which was etched and bent toward the 

sample. Fabricating these probes was very time consuming and required a lot of manual skill 

[4].  In 1990, Albrecht et al. introduced fabrication methods for AFM cantilevers including: 1- 

SiO2 and Si3N4 cantilevers without tips, 2- Si3N4 cantilevers with integrated pyramidal tips 

formed by using an etched mold on the (100) plane of silicon, 3- SiO2 cantilevers with conical 

tips made through a two-stage isotropic and anisotropic etching of a small silicon post, and 4- 

SiO2 cantilevers with tetrahedral tips formed through anisotropic etching of a corner of a 

small silicon post to a sharp point [5]. In 1991, Buser et al. described meander-shape, tip-

integrated monocrystaline silicon levers with a square cross section for force/friction 

microscopy [6]. Enormous efforts have been carried out to produce sharp AFM tips, for 

instance by oxide sharpening [7], nanowire attachment (e.g. silver [8], [9], GaN [10]), 

Chemical Vapor Deposition (CVD) growth of carbon nanotubes [11], 3D printing [12], half 

pyramid tip etching [13], Focused Ion Beam (FIB) tip patterning [14], [15], Electron Beam 

Induced Deposition (EBID) [16], [17], and Local Electric Field Induced Deposition (LEFID) 

[18], [19]. Most of these techniques are based on special treatments on individual cantilevers 

and are not part of a batch fabrication process. 
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1.1.3 Cantilever deflection measurement 

In AFM the information about the surface topography is measured by transducing the tip-

sample interaction force to an electrically measurable quantity, e.g. voltage (V). The first 

cantilever deflection sensor was based on electron tunneling [2], which enabled atomic-scale 

images, but the tunneling tip had to be a few nanometers away from the cantilever. This made 

operation very difficult. Very soon, other techniques were introduced where, in contrast to 

tunneling technique, the deflection sensors were far from the cantilever at distances from 

micrometers to centimeters. In 1988, Meyer et al. developed an optical approach to measure 

the cantilever deflection [20]. In the optical beam detection (OBD) technique, a laser beam is 

reflected off the backside of the cantilever and the position of the reflected spot is monitored 

by a position sensitive detector (PSD). In early uses of the OBD method, a small mirror was 

glued on the backside of the cantilever. One year later, Rugar et al. introduced a fiber-optic 

displacement sensor for atomic force microscopy [21]. In 2000, Brugger et al. developed a 

micromachining process for capacitive probes, consisting of two adjacent silicon beams with a 

1.5µm air gap [22]. The tip-sample interaction force deflects the AFM beam, which changes 

the air gap and consequently, the capacitance between the two beams. The capacitance change 

was then measured through an electronic circuit [23]–[26].  

 
Figure 1-3 The basics of the OBD method: the tip-sample interaction force (F) is transduced to a measurable 
voltage (VOpt). 

Among abovementioned deflection measurement techniques, the OBD method has 

become the most popular to measure the tip-sample interaction forces. Figure 1-3 displays the 

basics of the OBD technique: force (F) causes deflection (d), at the free end of the cantilever, 

which consequently changes the bending angle (θ) of the incident laser beam and hence the 

position of the reflected laser beam on a quadrant photodiode.  

The optical deflection sensitivity is defined as the output voltage (VOpt) divided by the 

induced deflection (d) and is determined as follow: 

F d
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DSOptical =
3 1− lb

2L
⎛
⎝⎜

⎞
⎠⎟
2⎛

⎝⎜
⎞

⎠⎟
a

L
                        (1) 

where L is the length of the cantilever and lb is the diameter of the laser beam; and a is a 

constant dependent on usual sensitivity of the OBD method and is independent of how the 

cantilever is loaded. 

The OBD method has shown excellent performance for general AFM purposes. However, 

it is less suitable for applications where there is no optical access to the cantilever [27], [28], 

in-vivo measurements [29], applications requiring multiple parallel sensors [30], or 

applications in automation that require levels of robustness that is difficult to achieve with the 

complexity of the OBD method. In addition to the development of the OBD technique, 

multiple techniques with on-chip deflection measurement were developed. In 1993, Tortonese 

et al. disclosed the first batch-fabricated silicon cantilevers with integrated piezoresistive 

strain sensors [31]. The cantilever deflection was measured from the resistance change of a 

doped silicon piezoresistor in a Wheatstone bridge configuration. Such a self-sensing scheme 

was then further developed including doped silicon and polysilicon piezoresistive [32]–[39], 

piezoelectric [40]–[43], magnetic [44], [45], and thin metal films [46], [47] techniques. In 

these cases, an applied force (deflection) results in a cantilever bending that introduces a 

strain (ε) at the cantilever base and is determined by the cantilever length (L) and thickness 

(t). This strain is then transduced to a measurable voltage (VElc) via the gauge factor (G.F.) of 

the sensing material. Figure 1-4 displays the basics of the self-sensing method, where ls and ts 

are the length and the thickness of the sensing element, respectively, and VB is the bias voltage 

of the Wheatstone bridge. The deflection sensitivity for the self-sensing read-out follows the 

formula: 

DSSelf −Sen. =
3
8

VB G.F. 1−
ls
2L

⎛
⎝⎜

⎞
⎠⎟ t − ts( )

L2
                       (2) 

The deflection sensitivity in the self-sensing method scales linearly with the cantilever 

thickness (t). It is important to note that the optical deflection sensitivity (VOpt/d) stays 

constant when changing the cantilever thickness. 
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Figure 1-4 The basics of the self-sensing method: the tip-sample interaction force (F) is transduced to a 
measureable voltage (VElc). 

1.1.4 Minimum detectable force gradient 

As discussed earlier, for imaging applications in AM- AFM, the vibration amplitude (A) 

of the resonating cantilever (close to its resonance frequency, ), provides a feedback signal 

that allows the tip-sample spacing to be held at a constant level. The gradient of the tip-

sample interaction force ( ) modifies the effective stiffness of the cantilever and hence the 

resonance frequency of the cantilever: 

 
!k = k − ′F , ′F = ∂F

∂z                      (3) 

 

!ω 0 =
1
2π

!k
meff                       (4) 

where and are the modified spring constant and the modified resonance frequency 

under the force gradient ′F , and meff is the effective mass of the cantilever. At frequency 

, the amplitude of the cantilever vibration has the most significant 

change for a given where Q is the quality factor of the cantilever vibration.  

                      (5) 

 The cantilever resonance response is steeper for a high Q-factor cantilever and, it translates to 

the larger change in the cantilever oscillation amplitude in response to a change in force 

gradient. 

For , the resonance shift can be expressed as which corresponds to: 

                      (6) 

Therefore, one can measure the change in the vibration amplitude ( ) in order to 

determine the force gradient and thus determine the force itself through numerical 

integration.  
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       Measuring the minimum detectable force gradient is limited by the integrated deflection 

noise in the cantilever vibration amplitude. In a well designed OBD system, the 

thermomechanical fluctuation of the cantilever at dominates the noise and with the 

measurement bandwidth B, causes the relevant deflection noise: 

                       (7) 

where KB is the Boltzmann constant. This thermomechanical fluctuation comes from the fact 

that the cantilever is in thermal equilibrium with its environment. The smallest force gradient 

then can be obtained by setting : 

                        (8) 

This means that in order to reduce the minimum detectable force gradient, the designer has to 

make cantilevers with low spring constant and high Q-factor. 

For the self-sensing cantilevers, the deflection noises coming from the resistors have to be 

added to the thermomechanical noise of the cantilever. Two fundamental resistor noises 

include Johnson noise and flicker noise. The Johnson noise comes from the thermal motion 

of carriers within the resistor and is dependent on the resistance R and temperature T of the 

resistor. It is independent of frequency. In a balanced Wheatstone bridge, the Johnson noise is 

measured for a single resistor, so the overall Johnson noise voltage of the Wheatstone bridge 

in the frequency bandwidth B is: 

                        (9) 

The flicker noise is caused by the defects in the bulk of the material and causes fluctuation in 

the resistor conductance. The flicker noise depends on the bias voltage and is inversely 

proportional to the number of carriers in the resistor.  

                      (10) 

The parameter  depends on the crystal lattice quality and is measured experimentally. In 

this formula, fmax is the upper measurement frequency, and fmin is the lower frequency (B=fmax-

fmin). 

The overall root mean square voltage noise of the resistor R is the sum of the uncorrelated 

noise sources: 

ωm

N = 4KBTQB
kωm

N = ΔA

Fmin, Cl
' = 1

A0
27kKBTB
Qω0

VJ = 4KB T RB

Vf =
αVbridge

2

2N
ln fmax

fmin

⎛
⎝⎜

⎞
⎠⎟

α
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                                                      (11) 

The deflection noise associated with the resistor R in the self-sensing method is inversely 

proportional to the cantilever deflection sensitivity (DSSelf-Sen.) through the following equation: 

′Fmin, Elc =
1
A0

× VR
DSSelf −Sen.

3 3k
2Q

⎛
⎝⎜

⎞
⎠⎟

                     (12) 

This means in addition to the cantilever thermomechanical noise, the minimum detectable 

force gradient in the self-sensing method is limited by the integrated voltage noise resulting 

from the resistance R. This extra voltage noise, , makes the self-sensing method ill-suited 

for measuring small force gradients. However, in the repulsive regime, the force gradient is 

high compared to the small force gradients in the attractive regime.  

1.1.5 Force sensitivity   

Force sensitivity, defined as V/F, is a measure of how precisely the cantilever responses to 

the external forces and is obtained by dividing the deflection sensitivity (V/d) over the spring 

constant (F/d). The analytical formula for the optical force sensitivity (VOpt/F) is: 

FSOptical =
12L2 1− lb

2L
⎛
⎝⎜

⎞
⎠⎟
2⎛

⎝⎜
⎞

⎠⎟
a

EWt 3
               (13) 

 where L, W, t and E are length, width, thickness and Young’s modulus of the cantilever 

respectively.  

For the self-sensing cantilevers, the force sensitivity is obtained as: 

FSSelf −Sen. =
3LVB GF. 1−

ls
2L

⎛
⎝⎜

⎞
⎠⎟ 1− ts

t
⎛
⎝⎜

⎞
⎠⎟

2EWt 2
                (14) 

To increase the electrical force sensitivity (VElc/F), much effort had gone in improving the 

transduction of strain into voltage [35], [48]–[50]. Another way is to increase the transduction 

from force to strain, which can be achieved through geometric optimization.  

As mentioned earlier, the strain varies linearly with the thickness of the cantilever, with 

the strain in the neutral axis of the cantilever being zero, and maximum at the top and bottom 

sides. This offers the possibility to obtain very high deflection sensitivities (VElc/d) by making 

the cantilever thicker [51]. Unfortunately, this also increases the cantilever spring constant 

and is therefore detrimental to the force sensitivity. The spring constant k = EWt 3 4L3 is 

proportional to the cube of the cantilever thickness and also Young’s modulus of the 

cantilever material. One approach to increase the electrical force sensitivity is to decrease the 

VR = VJ
2 +Vf

2

VR
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cantilever spring constant by reducing the thickness while accepting that the electrical 

deflection sensitivity is decreased too. As long as the spring constant goes down faster than 

the deflection sensitivity, this results in a net gain in force sensitivity.  Reducing the cantilever 

spring constant by reducing the thickness has yielded good force sensitivity for static 

applications [46], [52]. For dynamic measurements, the resonance frequency of the cantilever, 

and the minimum required thickness of the sensing material creates a limit of how thin the 

cantilever can be.  

1.1.6 Cantilever mechanical bandwidth 

The resolution of cantilever deflection measurements is strongly dependent on the 

measurement techniques and detection bandwidth of the cantilever [53]. The detection 

bandwidth is a measure of how fast a cantilever response to external inputs and is of great 

concern for AFM measurements. 

By growing the applications of AFM, increasing of nanocharacterization speed has also 

been one of the main driving forces in development in the AFM field [54]–[57]. Every major 

supplier has brought a high-speed AFM (HS-AFM) on the market during the last five years. 

However, the speed limit in large part is still due to AFM cantilever detection bandwidth. The 

mechanical bandwidth of a cantilever operated in AC mode is proportional to the ratio ω 0 Q

, where ω 0  is the fundamental resonance frequency and Q is the quality factor (Q-factor) of 

the cantilever. The Q-factor of an oscillating cantilever can be measured through the mean 

stored energy divided by the dissipated energy per cycle.  

A cantilever working in tapping mode has the equation of motion: 

 
m!!z(t)+ mω 0

Q
!z(t)+ kz(t) = Asin(wdt)+ F(z)             (15) 

where m is the effective mass of the cantilever, z is vertical tip displacement, k is the cantilever 

spring constant, A and ω d  are the cantilever drive signal and the excitation frequency 

respectively. In this formula, F(z) is the tip-sample interaction force.  

When an oscillating cantilever experiences a change in the boundary condition 

(topography change), it requires several cycles to reach its new steady state amplitude. A 

cantilever with higher resonance frequency goes through this number of cycles faster. The 

transient response due to topography changes follows an exponential path with a time 

constant inversely proportional to Q-factor. Therefore, a cantilever with lower Q-factor 

requires less number of cycles to pass the transient response. 

In 1993, Mertz et al. [58], and in 2000, Sulchek et al. [59] showed that one could modify 

the Q-factor externally using active Q control, which is based on velocity ( !z(t) ) feedback, to 
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suit the imaging speed (see Figure 1-5 ). The probe velocity is accessible by differentiating the 

displacement signal, or by shifting the displacement phase by π 2 , through a control circuit. 

The drawback of the differentiation method is that it amplifies the high-frequency noise 

signals. Using the approach of π 2 phase shift in a feedback loop, Q(s) has the transfer 

function of: 

Q(s) = Ge−Tds                                                                                                                                  (16) 

when applied to the cantilever sinusoidal displacement, Q(s) applies gain G and delays the 

cantilever displacement signal by Td=π 2 . The modified Q-factor then takes the form of: 

QControlled =
1

1
Q
+ G
mω 0

⎛
⎝⎜

⎞
⎠⎟

                 (17) 

     This method increases the risk of instability when reducing the Q-factor due to pushing the 

poles of the second resonance mode closer to the jω axis (resulted from the phase delay for a 

high value of G). In an attempt to find a solution for the instability problems associated with 

the Q-factor control, in 2013, Fairbarin and Moheimani introduced a resonant controller to 

modify the Q-factor. Their technique relies on approximating a differentiator over narrow 

range frequencies and applying a gain at those frequencies [60].  

 

 
Figure 1-5 The schematic of the Q-control feedback loop inside the z-axis feedback loop. 

     To avoid the need for an additional controller circuit for high-speed applications, one 

appropriate technique would be decreasing the Q-factor and increasing the resonance 

frequency of the cantilever through cantilever material engineering. The fundamental 

resonance frequency of a rectangular cantilever beam is defined as , where I 

is the second moment of area and A is the cross-sectional area of the cantilever beam. In this 

formula, E and ρ are Young’s modulus and the density of the cantilever material, respectively. 

A main area of research has been in the speed increase through miniaturization of the 

cantilevers [55]. However, cantilevers cannot be made infinitely small for imaging due to 
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practical limits.  As the size of the cantilever becomes smaller than the size of the laser spot 

(2µm-10µm), it becomes necessary to develop customized detection hardware [61]. 

Adams et al. [62] have shown that by making cantilevers out of polymers, the Q-factor 

reduces due to intrinsic damping properties of viscoelastic materials. It was demonstrated that 

the imaging bandwidth of SU8 cantilevers is more than one order of magnitude higher 

compared to commercial silicon cantilevers for identical planar geometries, spring constants 

and resonance frequencies. However, polymer tips are subjected to high wear-rate [63], which 

causes serious image artifacts. Given the fact that any AFM image is a convolution of the 

surface features and the tip shape, damaged tips can potentially produce deceptive patterns 

and mislead AFM users.  

1.2 My thesis contribution  

1.2.1 Integration of silicon nitride tips into high-speed polymer cantilevers in a batch 

fabrication process  

The early goal of my PhD research was integrating “hard tips” into the SU8 cantilevers to 

improve the image quality and repeatability. In this scope, I developed a microfabrication 

process for integrating moulded silicon nitride tips into the SU8 cantilevers in a batch 

fabrication process. The main concept of my work was to partially embed the moulded silicon 

nitride tip into the cantilever beam such that the tip protrudes out from the surrounding 

polymer. The probes then have the benefit of fast mechanical responses governed by the 

polymer beam along with tips made of materials with acceptable durability. Chapter 2 of my 

thesis is dedicated to this work and the achieved results. 

1.2.2 Hermetically sealed, multilayer self-sensing cantilevers 

The low Q-factor of polymer cantilevers comes at a price of low mechanical excitation 

efficiency when shaking the cantilever at resonance with a dither piezo. The low excitation 

efficiency burdens practical difficulties to locate the fundamental resonance frequency 

accurately among parasitic peaks. The second stage of my research was developing a wafer-

scale microfabrication process to address the problem mentioned above. The principal of our 

technology is the use of non-traditional MEMS materials in combination with traditional 

MEMS materials and fabrication methods to make hybrid multilayer AFM cantilevers. The 

fabrication process is based on polymer bonding of two pre-processed wafers, with 

subsequent release of the multilayer cantilever via KOH wafer through etching. The fabricated 

cantilever is then composed of a polymer core, encapsulated between two hard thin films (e.g. 

silicon nitride) where the cantilever tip is made of silicon nitride, and the cantilever chip body 
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is made of silicon. The Q-factor of hybrid multilayer cantilevers is higher than pure SU8 

cantilevers but still lower than traditional cantilevers. This work is presented in chapter 3 of 

my thesis. 

By introducing the multilayer technology, we propose an alternative way to increase the 

electrical force sensitivity of the self-sensing cantilevers by increasing the cantilever thickness, 

while maintaining the spring constant at a low level. We have developed AFM cantilevers 

consisting of a polymer core and embedded electronic strain sensors, sandwiched between 

ultra-thin silicon nitride layers (with high in-plane stiffness and low out-of-plane stiffness). By 

making the bulk of the cantilevers out of polymer (which is much softer than conventional 

AFM cantilever material), we can design our cantilevers to be thick, yet still soft. The 

increased thickness directly translates to an increased strain at the outer layer of the 

cantilever, where the strain sensors are located (see Figure 1-6).   

 
Figure 1-6 The schematic of a self-sensing silicon cantilever compared to a self-sensing multilayer cantilever. Red 
lines shows how strain is distributed along the cantilever thickness. Strain varies linearly with the cantilever 
thickness. A multilayer cantilever is composed of a polymer core sandwiched between two hard thin films (silicon 
nitride). Compared to the silicon cantilever, a multilayer cantilever can be made thick but still soft. Hence, the 
deflection sensitivity is larger for a multilayer cantilever compared to a silicon cantilever with the same planar 
dimension and similar cantilever stiffness.  

The developed self-sensing hybrid multilayer cantilevers have shown up to one order of 

magnitude better force sensitivity, compared to state-of-the-art silicon self-sensing AFM 

cantilevers. This is achieved while they still meet the practical limits (resonance frequency 

=10kHz-1MHz, k=0.1-60N/m) of a functional cantilever for dynamic AFM measurements. 

The multilayer geometry has an advantage over pure polymer cantilevers that a thin layer of 

hard material distributes the strain in the plane of the cantilever to avoid local stiffening and 

stress concentration [64].  

Self-sensing AFM cantilevers are of particular interest for applications where bulky OBD 

measurements are difficult to implement, such as in a vacuum chamber of an SEM. In this 

work, we show that the self-sensing multilayer cantilevers allow for higher scan rates 

compared to their silicon counterpart, governed by the low Q-factor of the multilayer 

cantilevers. 
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The fabrication procedure of the self-sensing multilayer cantilevers allows for embedding 

the strain sensing elements safely inside, hence we can expand the use of self-sensing 

multilayer cantilevers to applications where the cantilever and the tip need to be coated with 

electric or magnetic materials, for instance, magnetic force microscopy (MFM) and Kelvin 

Probe Force Microscopy (KPFM). Furthermore, hermetically sealed self-sensing multilayer 

cantilevers can be immersed in opaque, salty and corrosive liquids due to the high chemical 

resistance of the cantilever shell material (e.g. silicon nitride). In this work, I have presented 

the applications of the self-sensing multilayer cantilevers in liquid, as well as in MFM and 

KPFM measurements. Chapter 4 of my thesis is dedicated to this work and the achieved 

results.  

 

The flexible microfabrication recipe of our multilayer MEMS devices is developed such 

that it welcomes newly developed strain sensing elements. By incorporating high G.F. sensing 

elements, for example, MoS2 piezoresistors, we can still gain in terms of the deflection 

sensitivity.  

1.2.3 MoS2 based self-sensing cantilevers, fabrication and doping/encapsulation 

strategies  

Molybdenum disulfide (MoS2) is classified as a transition metal dichalcogenides 

(TMDCs). Under applied strain, atomically thin MoS2 shows piezoresistive effect determined 

by the rate of band-gap change and hence, the electrical conductivity change [65]. The gauge 

factor of bilayer MoS2 piezoresistors is around 200, which is about one order of magnitude 

higher than polysilicon. From the mechanical point of view, MoS2 has a high Young’s 

modulus of 270GPa, and it can withstand in-plane strain levels as high as 11% (it is 0.7% for 

silicon)[66], [67]. This high gauge factor plus the high mechanical flexibility of atomically thin 

MoS2 makes it an appealing material as a strain sensor. The high mechanical flexibility of 

MoS2 piezoresistor is particularly interesting since the contribution of the sensing element to 

the total cantilever stiffness would become negligible. In collaboration with LANES group at 

EPFL, we developed a microfabrication procedure to incorporate MoS2 piezoresistors into 

SU8 cantilevers. Chapter 5 explains the associated process flow and accomplished results. 

However, the high gauge factor of MoS2 piezoresistors comes at the price of a very high 

electrical resistance (order of gigaogm) and therefore, a high Johnson noise downgrades the 

force noise of MoS2 based MEMS devices. The most common approach to minimize the 

resistance of MoS2 piezoresistors is to reducing the contact resistance (width of the Schottky 

barriers at the metal contacts) through doping the MoS2 layer. However, the traditional 

 ∼
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doping methods, dopant diffusion and ion-implantation, are not suitable for atomically thin 

MoS2 layers since there is no precise control on the doping depth in the nm-range.  

Among different techniques to dope MoS2 [68]–[71], Surface doping is an efficient 

approach due to the large surface to volume ratio of TMDCs. This method relies on surface 

charge transfer between the surface of MoS2 and the adjacent material. For instance, Kiriya et 

al. have shown that Benzyl Viologen can be used for the surface n‐type doping of MoS2 based 

on surface charge transfer method [72]. Still, these doping techniques lack in air and water 

stability. Besides, the doping effect disappears with time. 

During the microfabrication of the MoS2 based SU8 cantilevers, we noticed that the 

resistance of MoS2 piezoresistors was reduced after SU8 encapsulation. To further evaluate 

this observation, we measured the doping effect of SU8 on MoS2 using bottom-gated field 

effect transistors (FET) fabricated on SiO2/p++ Si substrates. The results of the four probe 

measurements and Raman spectroscopy confirmed the n-type doping effect of SU8, which 

can be finely tuned by going through thermal cycles. It is also shown that SU8 could act as a 

stable water and gas barrier so it can be employed as a doping source as well as an 

encapsulation layer.  

The low-temperature process and the mechanical flexibility of SU8 make it an ideal 

material to use it for doping and encapsulation of flexible MoS2 based FETs. We have realized 

flexible MoS2 FETs with SU8 encapsulation on Polyimide with devices showing only minor 

changes in performance after 100 cycles of bending. Chapter 6 of my thesis is devoted to this 

research and the results. 

1.2.4 Piezoresistive displacement sensors for closed loop AFM scanners 

Development of piezoelectric actuators is essential for a large variety of scanning probe 

microscopy (SPM) applications [73][74]. Traditionally, in AFM applications the piezoelectric 

scanner raster scans the sample area. However, inherent nonlinearity of piezo actuators, such 

as hysteresis and creep, significantly distorts positioning accuracy [75], [76].  

Several approaches have been attempted to compensate for these nonlinearities [77][78]. 

For instance, Mokaberi et al. has estimated the drift and compensated it by using a Kalman 

filter [79]. Zhang et al. have developed model-based feed-forward control for hysteresis 

compensation through designing an iterative learning control based on the Preisach hysteresis 

model [80]. This method is based on extensive mathematical calculation since the hysteresis is 

scan-size and scan-speed dependent. Another approach is using a feedback control technique 

by integrating a displacement sensor into the piezo actuator. In such a closed loop system, a 

proportional-integral (PI) controller compares the triangular reference signal with the 

measured displacement signal  (from the displacement sensor) and reshapes the piezo 
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actuator drive signal to counterbalance the nonlinearities. For example, capacitive sensors 

[81] are easy to implement but very much sensitive to changes in environmental conditions 

such as temperature. In addition, capacitive sensors do not provide sufficient bandwidth for 

high-speed AFM applications. Optical measurements, on the other hand require bulky and 

expensive equipment [82][83].  

An alternative approach is utilizing piezoresistive sensors for direct measurement of the 

piezo actuator trajectory in a closed loop configuration. Given the fact that the resonance 

frequency of the scanner is mass dependent, the piezoresistive sensor needs to be light, so it 

does not add to the total mass of the piezoelectric scanner. This is especially important for 

high-speed applications, where the fundamental resonance frequency of the piezo actuator 

limits the nano-positioning bandwidth.  

To extend the ease of use of our scanners, I integrated a high bandwidth, high-resolution, 

and lightweight sidewall piezoresistive displacement sensor into a commercially available 

AFM piezoelectric scanner as well as our homebuilt high-speed scanner. The closed-loop 

scanner controller was implemented on a field programmable gate array (FPGA). In chapter 

7, it is shown that the scanner nonlinearities are well compensated using our developed 

closed-loop system for moderate scan rates as well as high scan rates. 

 

 

 

  

Note: 

Based on EPFL rules, my PhD thesis is composed of my research papers.  
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Chapter 2 

2. Integration of sharp silicon nitride tips into high-speed 

SU8 cantilevers in a batch fabrication process 

The mechanical bandwidth of the AFM cantilevers is limited by their resonance frequency 

and mechanical quality factor. Increasing the detection speed of the cantilevers by increasing 

the resonance frequency through miniaturization has faced the limit of the laser spot size 

(optical beam deflection method). Introducing polymer cantilevers with low mechanical 

quality factor and hence high tracking bandwidth has shown great promise for high-speed 

AFM imaging purposes. Although, polymer tips wear down quickly which restricts further 

use of polymer cantilevers for high-speed AFM applications. In this work, we have developed 

a batch fabrication process to integrate silicon nitride tips into SU8 cantilevers while the high 

tracking bandwidth is still preserved. 

I was involved in the development of the microfabrication process, and I fabricated the 

cantilevers in the clean room. I performed all of the experiments as well as image processing 

and evaluation. Finally, I have written the paper, including the configuration of all the figures.  

This is a copy of an article:  

Hosseini N, Neuenschwander M, Peric O, Andany SH, Adams JD, Fantner GE. 

Integration of sharp silicon nitride tips into high-speed SU8 cantilevers in a batch fabrication 

process. In revision, Beilstein journal of nanotechnology, (2019). 
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2.1 Abstract 

Polymer cantilevers have been shown to outperform their silicon or silicon nitride 

analogues when it comes to AFM imaging speed in amplitude modulation mode by up to one 

order of magnitude. However, making the tip of the cantilever out of polymer does not meet 

the requirements for tip sharpness and durability [63]. Merging the high imaging bandwidth 

of polymer cantilevers with making sharp and wear resistant tips is essential for future 

adoption of polymer cantilevers in routine AFM use. In this work we have developed a batch 

fabrication process to integrate silicon nitride tips with average tip radius of 9nm ± 2nm into 

high-speed SU8 cantilevers. Key aspects of the process are mechanical anchoring of a 

moulded silicon nitride tip and a two-step release process. The fabrication recipe can be 

modified for any photo-patternable polymer cantilever. 

2.2 Introduction 

Atomic Force Microscopy (AFM) cantilevers have been developed for numerous AFM 

applications since the invention of scanning probe microscopy (SPM) [84]. The quality and 

accuracy of an AFM image is strongly dependent on the tip geometry since the image 

topography is the convolution of surface topography and cantilever tip geometry [85]. More 

precisely, resulting images are subject to an effect of dilation. AFM images with tip artifacts 

can seriously mislead users and reduce the image quality [86]. New tip fabrication methods 

have enabled increased sharpness and uniformity, so that commercial AFM cantilevers now 

have a consistent tip quality. A range of specialized AFM techniques require custom tip 

designs, including high speed AFM [87], [88] high resolution electrochemical and nano-

electrical imaging [89], [90], Raman spectroscopy [91], nano-indentation [92], nano-

mechanical machining [93], plasmonic applications [94], [95], and micro-scale grapping tools 

[96].   

In parallel with the developments of AFM cantilevers made out of traditional materials 

(e.g. silicon, silicon nitride, and silicon oxide), polymer cantilevers have gained attention due 

to their ease of fabrication, versatility [97]–[101], and their potential for fabricating low spring 

constant cantilevers [102]. For example, the microfabrication process of SU8 cantilevers has 

high fabrication yield and easy bottom-up recipe, where the SU8 tip can be directly 

incorporated into the SU8 cantilever. Despont et al. have shown AFM image of DNA-plasmid 

molecule using SU8 cantilevers [103]. SU8 based hall sensor cantilevers have also been 

presented by Sch. Mouaziz et al [104].  
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In addition, SU8 cantilevers have shown up to one order of magnitude enhanced 

performance for High Speed Amplitude Modulation AFM (HS-AM-AFM) due to their low 

mechanical quality factor and hence high mechanical bandwidth [62]. A tip made of SU8 or 

other structural polymers can be integrated onto a polymer cantilever using a moulding 

process. These tips have been demonstrated with an acceptable radius for many imaging 

purposes [102]. However, the wear rate of SU8 is very high [63], which makes this and other 

polymers non-ideal as a tip material. Some attempts at coating a SU8 tips with a more wear-

resistant materials have been made but this results in a blunt tip [105].  

Lee et al. have shown that hydrogel AFM cantilevers fabricated by replica moulding and 

UV curing have great potential for tuning the mechanical properties, tip shape and surface 

functionalization [106]. However, the fabrication of hydrogel probes requires processes that 

involve individual cantilever alignment and bonding [107].   

The present work aims to overcome the primary limitation of polymer AFM cantilevers, 

namely the poor wear rate of polymer tips, by integrating a tip element made of a traditional 

tip material. In this work we have developed a batch fabrication process to integrate silicon 

nitride tips onto SU8 cantilevers.  The whole structure, except the tip, is made of SU8 to 

benefit from ease of fabrication and high speed imaging capability, while oxide-sharpened 

silicon nitride tips provide tip sharpness and tip wear resistivity.  The tip is anchored securely 

by being partially embedded in the polymer cantilever. 

 

 
Figure 2-1 Batch fabrication process of LSNT-tips SU8 cantilevers. (a) A summarized process flow. (b) SEM image 
of the LSNT and the silicon oxide layers where the silicon underneath has been etched (step iv). (c) SEM image of a 
single cantilever. The pyramidal tip consists of four {111} -planes and has a half-cone angle of 35°. It is aligned with 
the cantilever.  (d) Optical photograph of the released cantilevers. 

2.3 Cantilever fabrication 

The cantilever is made of SU8 and the tip is entirely covered with low stress silicon nitride 

(LSNT). Pyramidal tips are made based on the indirect tip fabrication process [108], by 
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etching a mould into a 380-µm-thick single-sided-polished (100)-plane silicon wafer. Figure 

2-1(a) shows a summarized process flow, outlining the important steps: 

(i) A 20nm LSNT thin film is deposited by LPCVD onto a silicon wafer. Circular openings 

(20µm diameter) are then patterned by E-Beam lithography, yielding very high circularity. 

The LSNT mask is dry etched before the moulds are structured by anisotropic KOH (40% at 

60°C) etching. The formation of {111}-plane facets results in four-sided pyramidal pits. The 

diameter of the circular openings defines the final height of the tips and can be tuned. (ii) The 

LSNT mask is then removed in HF 50%. Afterwards, 400nm wet silicon oxide and 100nm 

LSNT are deposited on the wafer. The 400nm silicon oxide layer improves the tip sharpness 

through oxidation sharpening [109]. Studies report a 30% decrease of the oxide thickness 

along the sharp silicon ridges after wet oxidation at 900-950°C [110]. Due to the nonlinear 

growth of silicon oxide, the oxide thickness becomes smaller at the inside corner of the 

pyramidal moulds compared to the mould faces. The silicon oxide layer finds a concave 

curvature on each face of the 4-sided pyramidal moulds, which is then projected to the 

subsequent LSNT layer. The tip shape and sharpness are significantly affected by the 

curvature of the LSNT layer at the inside corner of the pyramidal moulds. (iii) The silicon 

oxide and the LSNT layers are patterned by photolithography to cover only the etched pits. 

(iv) Deep Reactive Ion Etching (DRIE) is used to etch silicon vertically and laterally (4µm and 

1µm respectively) in order to provide access for SU8 to fill the base of the tips in the 

subsequent steps. Figure 2-1(b) shows a SEM image of this step. (v) All the SU8 (GM1050, 

GM1060 and GM1075, Gersteltec, Pully, Switzerland) structural layers, cantilever beam and 

three chip body layers are patterned by photolithography. A three-layer chip body with offset 

between the successive layers is required especially for shorter cantilevers, so that the chip 

body does not obstruct the path of the laser for optical readout. The chip body layer 

thicknesses are, from bottom to top, 30µm, 120µm and 150µm respectively. The geometry of 

the SU8 beam defines the cantilever’s resonance frequency (f0) and spring constant (k). (vi) 

The process is designed for top-release, so the wafer is treated with DRIE to create a 

freestanding SU8 beam with the embedded silicon nitride tip encased in a protective oxide. 

(vii) The release process is finished by placing the wafer in KOH (23% at 90°C) to separate the 

SU8 cantilevers from the wafer. The silicon oxide layer on the tips is then stripped in BHF. 

The process is completed by titanium-gold (5nm-20nm) sputtering on the chip-body side of 

the cantilevers. This layer serves as the reflective metal coating required for optical beam 

deflection read-out. Figure 2-1(c) and (d) show an SEM and an optical image of the released 

cantilevers made with this process. 
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2.4 Results 

Primary research goals in fabrication of AFM cantilevers for general imaging purposes are 

to make sharp tips with well-established tip durability and high detection speed and 

sensitivity. The detection speed in amplitude-modulation mode is related to the cantilever’s 

tapping bandwidth. This is given by 𝐵𝐵𝐵𝐵 = 𝜋𝜋𝑓𝑓!/𝑄𝑄, where f0 is resonance frequency and Q is 

quality factor [111]. The resonance frequency for a rectangular cantilever with homogenous 

material properties and no external load is given by 𝑓𝑓! =
!.!"#
! !!

!
!

!
!

, where E is the elastic 

modulus, I the second moment of area, 𝜌𝜌 the density and A the cross-sectional area of the 

cantilever beam. Thus, the resonance frequency depends on the cantilever material properties, 

which are presented as !
!

. On the other hand, Q is strongly influenced by the intrinsic 

damping η! of the cantilever material. Therefore, optimizing the ratio πf0/Q is translated to 

optimizing the ratio η!
!
!

, which has been defined as material bandwidth product. In this 

regard, SU8 cantilevers have shown high imaging speed due to the high materials bandwidth 

product, which mainly results from the high intrinsic damping properties of the polymer. 

Such cantilevers have high resonance frequency and low Q-factor for a given size and stiffness 

[62]. For any allowable cantilever size and f0, we expect a one order of magnitude increase in 

tracking bandwidth by switching from conventional materials (e.g. silicon and silicon nitride) 

to SU8. However, SU8 tips wear down quickly and become blunt when they encounter hard 

surfaces with high aspect ratio features.  

To quantify the tip sharpness of LSNT-tip SU8 cantilevers, 20 randomly chosen 

cantilevers have been tested with a polycrystalline titanium roughness sample. The images 

were taken using a NanoScope-V controller and Multi-Mode-VAFM with a J scanner 

(Bruker) in tapping mode. The imaging conditions were as follow: scan size 2µm, number of 

pixels 512×512, and scan rate 1Hz, free amplitude 123nm and setpoint at 95% of the free 

amplitude. With these parameters, we estimated the tip-sample forces using the Virtual 

Environment for Dynamic AFM (VEDA, nanohub.org/tools/veda) and obtained mean forces 

of 10nN and peak forces of 600nN. Figure 2-2(a) shows an AFM image taken with one of the 

LSNT-tip SU8 cantilevers. 

To evaluate the tip sharpness, the blind tip estimation algorithm [114] in Gwyddion has 

been used. The blind tip estimation algorithm is used to estimate the sharpness of the tip from 

the image of a polycrystalline titanium tip characterizer sample of unknown geometry, with 

features significantly sharper than the tips under evaluation. The Gwyddion partial blind tip 
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estimation algorithm iterates over the surface of the image to find high points with the 

steepest slopes on the image. These points are subsequently used to estimate the radius of the 

tip 5nm away from its apex by taking the average width of the tip along the two orthogonal 

axes, using the assumption that the evaluated tip must be sharper than the sharpest feature on 

the specimen’s image. To guarantee that the dilation of the specimen surface results 

exclusively from the tip geometry, the noise suppression threshold is set at 100pm which is 

superior to the measured image noise 40pm. Additionally, borders of the image are also 

excluded from the estimation to prevent edge artifacts. The inset of Figure 2-2(a) shows 

partial tip estimation, which uses a limited number of the highest points on the image to 

estimate the sharpness of the tip. For the 20 cantilevers we evaluated we obtained a tip radius 

of 9nm with the standard deviation of 2nm.  

 
Figure 2-2 Tip sharpness and durability assessment of the LSNT-tip SU8 cantilevers using a polycrystalline 
titanium roughness sample in tapping mode. (a) The AFM image of the polycrystalline titanium roughness sample, 
used for the tip radius measurement. The tip radius for 20 randomly chosen cantilevers is 9nm. The image size is 
2µm×2µm, pixels 512×512 while the array dimension for tip estimation is 55 by 55 pixels. The inset shows the 
result of the Gwiddion partial tip blind estimation extracted from the full image. (b) and (c) Tip radius evolution 
during 16mm travelling distance shows negligible tip degradation. 

We evaluated the tip durability in our work by uninterrupted imaging of the 

polycrystalline titanium roughness sample (tapping mode, scan size 2µm, pixels 512×512, and 

scan rate 1Hz). Figure 2-2(b) shows the partial blind estimation of the tip shape for the first 

and last images after 16mm tip travel. No obvious degradation occurred. Figure 2-2(c) shows 

the evolution of the tip radius for more than 16mm of tip travel (8 images). 

To investigate the detection speed of the SU8 cantilevers with LSNT-tip, we measured the 

detection bandwidth of the cantilever in tapping mode by measuring the 3 dB decrease in 

tracking amplitude similar to protocols described by Kokavecz et al and Sulcheck et al 

[113][114].  
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Figure 2-3(a) shows a comparison of the bandwidths of the individual cantilevers, 

RTESPA (Bruker AFM probes, Camarillo, CA, USA), f0=339 kHz, k=48 N/m, Q=592, planar 

dimension 125 µm by 40 µm and thickness 3.4µm, and our LSNT-tip SU8 cantilever, f0=328 

kHz, k=15 N/m, Q=23, planar dimension 80 µm by 20 µm and thickness 7µm. The detection 

bandwidth is 750Hz and 50kHz for the RTESPA and SU8 cantilevers respectively. 

Both cantilevers were designed for tapping mode AFM imaging in air. We want to point 

out that these two cantilevers showed the closest characteristics in terms of resonance 

frequency based on our choice of planar geometries and thickness of the cantilevers, but their 

parameters are not an ideal match. Nevertheless, the drastically higher bandwidth of the SU8 

cantilever is to be primarily attributed to the change in the materials properties. The LSNT-tip 

SU8 cantilever is more than 50 times faster than its silicon cantilever counterpart for a given 

resonance frequency. In order to evaluate the link between tapping bandwidth and image 

quality, an AFM calibration grating (1µm pitch, 100nm depth) was imaged by a RTESPA 

(f0=331 kHz, Q=586) and a SU8 (f0=347 kHz, Q=25) cantilever at scan rates of 1 Hz, 10Hz, 

20Hz, and 30Hz. The imaging was conducted with a Bruker Dimension FastScan AFM 

system, scan size 2µm, and number of pixels 512×512. 

  
 

Figure 2-3 Comparison of tapping bandwidth between a tip–integrated SU8 cantilever and a commercial silicon 
cantilever (RTESPA). (a) The 3dB drop of the surface tracking in tapping mode for RTESPA and the SU8 
cantilever happens at 750Hz and 50kHz respectively. RTESPA has f0=339kHz and Q-factor= 592 whereas the 
LSNT-tip SU8 cantilever has f0=328kHz and Q-factor=23. (b) Amplitude error images of a 10µm pitch reference 
sample taken by RTESPA and the SU8 cantilever at 1Hz, 10Hz, 20Hz, and 30Hz scan rates. The SU8 cantilever 
shows better topography tracking ability compared to RTESPA due to its higher tapping bandwidth. The scale bar 
is 500nm. 

Figure 2-3 (b) shows the amplitude error images taken at different scan rates for these two 

cantilevers. Lower amplitude error contrast corresponds to better tracking performance. 

While the silicon cantilever clearly tracks the sample poorly at 30Hz scan rate, the SU8 

cantilever detects the sample topography with lower amplitude error. 
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2.5 Discussion 

A critical feature of any AFM cantilever is the tip. For general imaging, the quality of the 

tip is primarily determined by the tip radius and the wear rate of the tip. We need to comment 

that our tips have decent sharpness when it comes to silicon nitride mould tips, but they are 

less sharp than the typical silicon tips that are commercially available with tip radii less than 

2nm. However, even for the ultra sharp tips, the tip wear is an unavoidable mechanism and a 

great concern for AFM users. We should also mention that our tips have a relatively large 

opening angle at 35°. While this limits the imaging capabilities on very rough samples, it also 

presents the advantage of being symmetric and having a clearly defined geometry, which can 

be beneficial, for example for nanomechanical mapping of biological samples. The tip wear 

problem has been reported as early as 1991[115]. By assuming that all of the imaging 

parameters are set correctly, it can still happen due to abrasive wear, fracture and adhesive 

wear [118], 119]. Tip-integrated polymer cantilevers can fill the gap by providing ca. 10nm 

radius silicon nitride tips, at a moderate cost and the added value of high tracking ability.   

The presented cantilevers have shown good tip sharpness and provide the well-established 

wear resistance of silicon nitride tips, supplemented with their good tracking bandwidth. 

However, SU8 cantilevers in general suffer from residual mean stress and residual stress 

gradients in the beam. The mean stress can be caused by mismatch of the coefficients of 

thermal expansion (CTE) of cantilever and substrate material. The stress gradient in the 

polymer is a result of non-uniform processing conditions through the beam thickness. These 

residual stresses can bend the cantilevers and cause issues with laser alignment and 

approaching the sample. Keller et al have shown that introducing a long hard bake after SU8 

development, and modifying SU8 photolithography baking profile, makes it possible to 

fabricate 500µm long cantilevers with less than 20µm initial bending for 2µm thick SU8 

cantilevers [118]. Although our cantilevers are already relatively straight (due to their shorter 

length), similar optimization of the process parameters could improve this issue further.  

The cantilevers have a somewhat peculiar shape with SU8 residues sticking out in a cross 

at the SU8 cantilever free end. This is due to the scattering of the light during 

photolithography of the cantilever patterning. Light travels through SU8 and reaches the 

bottom surface (LSNT) and then is reflected back to the parts of non-exposed SU8. One way 

to avoid this problem is adjusting the exposure dose to values not higher than absolutely 

required.  

The increased detection bandwidth of SU8 cantilevers arises from the viscoelastic nature 

of SU8 resulting in a low Q-factor. This low Q-factor however comes at a price of low 

mechanical excitation efficiency when shaking the cantilever at resonance with a dither piezo. 
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Hence the drive amplitude for these cantilevers has to be higher than that of traditional 

cantilevers. This gives rise to parasitic resonance peaks in the cantilever tune that is well 

known for tapping mode AFM in low-Q environments such as liquids. As with imaging in 

fluid, acquiring a thermal tune prior to the mechanical tune helps to find the correct 

resonance peak to use. The poor mechanical tune caused by the low quality factor of the 

cantilever is aggravated by the fact that the chip body is also made of SU8 instead of a stiff 

conventional material. One technique to approach this challenge would be to make the 

cantilever chip body out of SU8 nanocomposite, with higher Young’s modulus, instead of 

pure SU8. For instance, M. Kandpal et al have shown that embedding ZnO nanoparticles into 

a pure SU8 matrix increases its Young’ modulus from 8GPa to 30GPa [119]. The stiffer 

cantilever chip body will probably yield better mechanical tuning and hence improved ease of 

use.  

2.6 Conclusion 

In this manuscript, a batch fabrication process of LSNT-tip SU8 cantilevers has been 

presented. The tip sharpness measurement has been performed for 20 cantilevers, which 

shows a tip sharpness of 9nm ± 2nm. The tips are made of LSNT, a material known for its 

wear-resistance, and no clear wear was observed after more than 16mm of tip travel during 

imaging of a polycrystalline titanium roughness sample. The tip sharpness and wear resistivity 

have been achieved along with the high tracking bandwidth of SU8 cantilevers. A comparison 

between a commercial silicon cantilever and LSNT-tip SU8 cantilever shows more than 50 

times improvement in the detection speed improvement of the SU8 cantilever over its silicon 

counterpart.  

2.7 Acknowledgment 

We thank center of micronanotechnology (CMI) at EPFL for their help during the 

microfabrication. We also acknowledge funding from the European Union FP7/2007-

2013/ERC under Grant Agreement No. 307338-NaMic, the ERC-2017-CoG; InCell; Project 

number 773091, and Swiss National Science Foundation (Nos.205321_134786, 

205320_152675). 

 



 

 

29 

Chapter 3 

3. Batch fabrication of multilayer polymer cantilevers with 

integrated hard tips for high-speed atomic force 

microscopy 

As discussed in chapter 2, SU8 cantilevers have great performances for high-speed AFM 

imaging compared to conventional AFM cantilevers. In chapter 2, we presented a batch 

fabrication microfabrication process to integrate silicon nitride tips into the SU8 cantilevers. 

Nevertheless, the performance of those SU8 cantilevers is subjected to low excitation 

efficiency for AM-AFM applications. One approach to face this problem is making the chip 

body of the cantilever out of traditional MEMS materials. This requires a higher level of 

fabrication techniques to have the tip and the chip body out of conventional MEMS materials, 

while the high tracking ability of the cantilevers is still preserved. In this work, we have 

overcome the low excitation efficiency of pure polymer cantilevers by introducing multilayer 

hybrid cantilevers.  

In this work, I have developed the fabrication process and did the device fabrication in the 

clean room. Finally, I have written the paper. 

This is a copy of an article:  

Hosseini N, Peric O, Neuenschwander M, Andany SH, Adams JD, Fantner GE. Batch 

fabrication of multilayer polymer cantilevers with integrated hard tips for high-speed atomic 

force microscopy. Submitted to Proceedings of the IEEE International Conference, 

Transducers-2109. 
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3.1 Abstract 

Increasing the speed of AFM imaging has significant benefits for academic research as 

well as industrial applications. In many imaging modes, the dynamic response of the 

cantilever probe dictates the achievable speed. Polymer cantilevers have gained great attention 

due to their high tracking ability and ease of fabrication. However, polymer cantilevers also 

have drawbacks.  Polymers are not well suitable materials for the tip of the probe due to their 

high wear rate. This has limited the broader use of polymer cantilevers for AFM imaging. In 

this work, we combine the advantages of polymer cantilevers with the advantages of tips made 

of conventional MEMS materials. We demonstrate the batch integration of a hard tip into a 

polymer-core multilayer cantilever probe, thereby merging speed, high-resolution and 

durability in a single cantilever. 

3.2 Introduction 

Cantilever based sensing methods, such as atomic force microscopy (AFM) and related 

techniques, have become one of the main ways to probe materials in the nanoscale regime 

[120]. Mechanical properties of the cantilevers significantly influence AFM imaging speed 

(mechanical bandwidth), image resolution (tip radius) and the analysis of specific samples 

(cantilever stiffness). The mechanical bandwidth of a cantilever operated in AC mode can be 

estimated through the ratio πf0/Q, where f0 is the first resonance frequency and Q is the 

quality factor of the cantilever. Therefore, an increase of the resonance frequency or a 

decrease of the quality factor will result in higher mechanical bandwidth. Current high-speed 

AFM (HS-AFM) technology was enabled by the miniaturization of silicon and silicon nitride 

(SiN) cantilevers to planar dimensions below 10 microns, resulting in cantilevers with 

resonance frequencies in the MHz range [121], [122]. This approach has been the enabling 

technology for state of the art, high-speed AFM, producing good-quality, high-speed images 

even on difficult biological samples. In liquid, viscous damping yields a Q value around 2-4, 

enabling extremely high imaging speeds.  Using small cantilevers immersed in fluid, Ando et 

al. pioneered video-rate AFM imaging and thereby established the field of HS-AFM in liquid 

on biological samples [56]. Although such cantilevers may also have a relatively low Q in air, 

the small spring constants make them primarily intended for imaging in fluid. In air, higher 

spring constants are often needed to overcome surface adhesion.   

We have recently shown that making probes out of polymers yields very fast-responding 

cantilevers, and polymers are thus excellent structural materials for high-speed AFM probes 

[62]. By changing the material to a polymer, we can obtain cantilevers with higher intrinsic 
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damping and hence lower Q-factor, independent of the medium. Pioneering work by Genolet 

et al [102] has shown that cantilevers with integrated tips can be made out of the polymer SU8 

using a silicon mold to form the cantilever tip. These tips can have acceptable radii for various 

imaging purposes. However, the wear rate of SU8 is very high [63] which makes SU8 and 

other polymers non-ideal for serving as tip material.  

As discussed in chapter 2, previous attempts for making cantilevers as well as the 

cantilever-carrying chip out of polymer, has shown that mechanical excitation of the 

cantilever resonance is difficult, and the cantilevers do not show a clean tune required for 

good tapping mode AFM operation. In this work, we present an alternative strategy to 

integrate sharp hard tips with acceptable durability into polymer cantilevers. By using non-

traditional MEMS materials in combination with traditional materials and fabrication 

methods, we have fabricated hybrid polymer AFM cantilevers made of a polymer core, 

sandwiched between two hard thin films. The Q-factor of such hybrid cantilever is higher 

than pure polymer cantilevers, which facilitates easy excitation of the cantilever resonance 

when using inertial drive. The reported tri-layer cantilevers maintain high tracking 

bandwidth, governed by the viscoelastic properties of the polymer core, combined with 

improved tip durability. 

 
Figure 3-1 Process flow, displaying the most important steps. (a) The process is based on polymer bonding of two 
pre-processed wafers-1&2. (b), (c) SEM images of a released cantilever and its tip. The BCB polymer core (in 
orange), is sandwiched between two hard SiN thin films of identical thicknesses (in blue). The hard tip is made of 
SiN. 

3.3 Fabrication 

Our approach to fabricate high-speed, hard tip, polymer core cantilevers is to first 

fabricate the sharp hard-tips on the wafer, which we then bond to a complementary wafer 

SiSiN
SiO2Au BCB

PR

i. ii.
v.

Wafer-1 Wafer-1 Wafer-1

Wafer-2 Wafer-2 Wafer-2iii. iv.

vi.

vii. viii.

400nm
ix.

Al
400nm

(a)

(b) (c)

5µm



 

 

32 

through polymer bonding. The bonded wafers are then further processed to obtain the final 

cantilever. The main steps of the process flow are depicted in Figure 3-1(a).  

We use a standard four-inch, double-sided polished, silicon (Si) wafer with a thickness of 

380µm (hereafter called wafer-1). The first step is to deposit a 20-100nm thin layer of low 

stress silicon nitride (SiN) through LPCVD. Then, we use e-beam lithography to write the 

circular pattern and DRIE to transfer the pattern onto the SiN layer. The circular patterns for 

the openings provide maximum symmetry, which after KOH wet etching, results in 

pyramidal shaped pits. The SiN mask is then removed in diluted HF. We use thermal 

oxidation to transform silicon layer into silicon oxide (SiO2), which results in a sharpening of 

the mold [7]. Next, we deposit low stress SiN through LPCVD. The deposited SiN layer will 

constitute the outermost layer of the tri-layer cantilever and its thickness can vary from 20nm 

to 100nm. A complementary double-sided polished silicon wafer (wafer-2) with the same SiN 

layer thickness is bonded onto wafer-1 (Figure 3-1(a)-v). The bonding material is a 

viscoelastic polymer responsible for the low quality-factor of the cantilever. We use 

benzocyclobutene (BCB), with the commercial product named CYCLOTENE 3022 (The Dow 

Chemical Company) for wafer bonding. BCB is suitable for a polymer layer thickness of 2-

11μm and can be spin coated on one or both wafers before bonding. For wafer bonding, we 

use SB6 bonding machine (Su ̈ssMicrotech). The bonded wafers are then hard cured under 

nitrogen atmosphere at 250°C for 60 minutes. Continuing the process flow, we pattern wafer-

1 by standard photolithography and dry etching. On wafer-2, we strip the SiO2 and SiN layers, 

thus exposing the silicon. Thereafter we etch the wafer assembly in 40% KOH at 60°C 

overnight with a total etch time of ∼ 19h (Figure 3-1(a)-vii). As the BCB layer is covered on 

both sides with a SiN layer, it resists the hours-long etch. The thermally grown oxide is 

attacked during the KOH etch and we later completely remove it in buffered HF. 

Subsequently, we deposit a 2μm thick aluminum (Al) layer on the chip body side (wafer -2), 

which serves as a mechanical support layer for the thin SiN-BCB-SiN membrane. On the 

cantilever tip side, we deposit a 300nm thin aluminum layer, which acts as a hard mask during 

consecutive dry etching. To pattern the aluminum on the cantilever tip side of the wafer, we 

use a 12μm thick photoresist (PR) (AZ 9260, MicroChemicals) in order to completely cover 

the cantilever tips. The patterned aluminum is wet etched (Figure 3-1(a)-viii).  

The thick aluminum layer on the chip body side of the wafer is necessary as a structural 

layer, since the final BCB dry etch defines the cantilever shape and removes the surrounding 

BCB layer. The BCB dry etch consists of three main etching steps, where the first and the last 

etch step consist in removing the SiN layer using CHF3/SF6 chemistry. During the second etch 

step, we remove the BCB polymer layer using CHF3 chemistry. After BCB dry etching, we 
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remove the aluminum layers on both sides using wet aluminum etchant. The final step is the 

deposition of a thin reflective layer on the chip body side of the wafer. We first sputter a 5nm 

layer of titanium (adhesion layer) followed by 20nm of gold (Figure 3-1(a)-ix). The cantilever 

with the integrated hard tip at the end of the process flow is depicted in Figure 3-1(b) and the 

close-up of the tip is shown in Figure 3-1(c).  

3.4 Results 

To evaluate the tip sharpness and wear resistance of the fabricated hard tips, the 

multilayer hybrid cantilevers are tested through imaging a polycrystalline titanium roughness 

sample. The results are displayed in Figure 3-2. Tip sharpness is quantified using the blind tip 

estimation algorithm [112] of the Gwyddion software [123]. The algorithm identifies the 

sharpest peak in the topography image, which is subsequently used to compute the tip 

sharpness at 10nm from the apex, as illustrated in Figure 3-2(a). The images are obtained 

using a Bruker AFM system (Santa Barbara, CA, USA) comprising a Nanoscope-V controller, 

a MultiMode-V and a J-scanner. Images are taken in tapping mode and imaging parameters 

are as follows: 2×2µm scan size, 1.95x1.95nm pixel size and 1Hz scan rate. 

 
Figure 3-2 Tip sharpness and tip wear characterization through imaging of a titanium polycrystalline roughness 
sample. (a) Tapping mode image reveals a tip radius of 17nm, at 10nm from the apex. The Inset shows the region 
used for the Gwyddion blind tip estimation. (b) Evolution of tip sharpness as a function of imaging time and total 
tip-travel distance shows minimal tip wear, even after 11h of imaging and 170mm of tip travel distance. 

Measured tip radii range from 12nm to 20nm and are comparable to commercial 

cantilevers such as ScanAsyst-Fluid probes (Bruker), and are suitable for most AFM 

applications. The durability of the fabricated tips was tested during 11 hours of uninterrupted 

imaging, for a total of 170mm of tip-travel distance. The 37 images obtained were analyzed to 

detect potential tip degradation issues. Figure 3-2(b) reveal no apparent degradation of the 

tip, even after prolonged imaging on a demanding sample.  
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Traditional polymer cantilevers with relatively low Q-factor in air and soft polymer chip 

bodies suffer from low excitation efficiency. This issue is addressed here by increasing the Q-

factor and using silicon chip bodies, drastically improving the mechanical response to 

excitation during inertial drive as illustrated in Figure 3-3. The tune of two cantilevers with 

similar first resonance frequencies is compared. The full SU8 lever (red curve, Q-factor=21) 

shows a more parasitic frequency sweep when compared to the reported tri-layer cantilever 

(blue curve, Q-factor=58). Extracting the correct first resonance of the cantilever is thus 

greatly facilitated by using a cantilever with higher Q-factor. 

 
Figure 3-3 Cantilever tunes for an SU8 cantilever (red curve) and for a tri-layer cantilever with a silicon chip body 
(blue curve). Tri-layer lever characteristics: Q=58, 𝒇𝒇𝟎𝟎= 184kHz, length 100µm, width 50µm and thickness 4µm 
BCB core and 20nm LSNT shell. SU8 lever characteristic Q=21, 𝒇𝒇𝟎𝟎= 176kHz, length 120µm, width 30µm and 
thickness 8µm. 

To assess the imaging speed of the tri-layer cantilevers, we measured its detection 

bandwidth in tapping mode and compared it to a commercial silicon cantilever (RTESPA, 

Bruker AFM probes, Camarillo, CA, USA). To do so, we defined the tapping bandwidth as the 

3dB decrease in tracking amplitude and used a similar protocol in Sulcheck et al [114]. The 

experiment (Figure 3-4 (a)) showed a more than 10 times higher bandwidth for the tri-layer 

cantilever (f0 = 359kHz, k = 7.2N/m, Q = 55, planar dimensions 90µm by 30µm and thickness 

2.6µm) than for its silicon counterpart (f0 = 339kHz, k = 48N/m, Q = 592, planar dimension 

125µm by 40µm and thickness 3.4µm). 

In order to evaluate the correlation between tapping bandwidth and image quality at high 

speeds, we imaged an AFM calibration grating (10µm pitch, 200nm depth) with the same two 

cantilevers, at 1Hz and 10Hz scan rate (Figure 3-4(b)). While the silicon cantilever clearly 

tracks the sample poorly at 10Hz scan rate, the tri-layer cantilever detects the sample 

topography significantly better. 
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Figure 3-4 Comparison of tapping bandwidth between a tri-layer cantilever and a commercial silicon cantilever 
(RTESPA). (a) The 3dB drop of the surface tracking in tapping mode for the RTESPA and the tri-layer cantilever 
occurs at 750Hz and 24kHz, respectively. Both cantilevers have comparable resonance frequencies, but the tri-layer 
has a 10 times lower Q-factor. The insets show the thermal tune of each cantilever, at identical scale. (b) Amplitude 
error images of a 10µm pitch, 200nm step reference sample taken by RTESPA and the tri-layer cantilever at 1Hz 
and 10Hz scan rates. The tri-laye cantilever shows better topography tracking ability thanks to its higher tapping 
bandwidth. The scale bar is 5µm. 

3.5 Discussion 

The present work proposes a way to overcome the primary limitation of polymer AFM 

cantilevers, which is the poor wear rate of polymer tips and difficult mechanical excitation. By 

moving from the pure-polymer design to the tri-layer hybrid structure, one can benefit from 

the high-speed imaging capability of the polymer cantilevers and combine it with the use of 

tips that are made from the material that is known and accepted in the field as being suitable 

for high-quality tips. The tri-layer structure was chosen over a bilayer structure (SiN-BCB) to 

provide symmetry around the neutral axis and thus avoid cantilever bending due to internal 

stresses in the films. Compared to Si cantilevers, the tri-layer cantilevers have a 10 times 

higher imaging bandwidth. 

However, compared to pure polymer cantilevers (Adams et. Al [62]), the tri-layer 

cantilevers are slower due to their higher Q-factor. This is due to the over-proportional 

contribution of the SiN layer to the second moment of area of the cantilever, even for ultra-

thin layers. The Young’s modulus of the SiN (e.g. 240GPa) is two orders of magnitude higher 

compared to the BCB (e.g. 2.9GPa) layer, and the contribution of the SiN layer to the second 

moment of area depends on the distance to the neutral axis squared. It is therefore desirable 

to keep the SiN layer thickness as low as possible (20nm in our case). In the future we aim to 

replace SiN with materials with lower stiffness, for instance silicon oxide to obtain hard tip 

cantilevers with even lower Q-factor and hence even higher tracking speed. 
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An additional advantage of our proposed process is that all high temperature steps 

required for fabricating the tip are performed before bonding with the BCB polymer. This 

allows the integration of other functionalities to the tri-layer cantilevers by adapting the 

microfabrication recipe. For instance, by pre-patterning the BCB layer, microfluidic devices 

could be realized with the same technology with inherently sealed channels. 

3.6 Conclusion 

In this work, we have reported a microfabrication process to resolve the problem of high 

wear-rate and difficult mechanical excitation in polymer cantilevers by making sharp tips out 

of thin films with high in-plane stiffness and low out-of-plane stiffness. We have developed 

high-speed tri-layer AFM cantilevers where the polymer core, e.g. BCB, is sandwiched 

between two SiN thin films through wafer bonding. The average tip radius for randomly 

selected cantilevers was measured to be 12nm at a 10nm distance from the tip apex. Long-

term imaging showed negligible tip wear, even after 170mm tip traveling distance during 11h 

of uninterrupted imaging.  

The good tip quality combines with the high tracking ability of the tri-layer for a versatile 

cantilever for AM-AFM. The 3dB decrease in tracking amplitude demonstrates more than 

one order of magnitude improvement in the tracking ability of the tri-layer cantilevers 

compared to its traditional silicon counterpart. 
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Chapter 4 

4. A novel microfabrication platform for hermetically sealed, 

hybrid multilayer AFM cantilevers 

The flexible microfabrication process of the multilayer hybrid cantilevers described in 

chapter 3 can be extended to incorporate strain sensors into the cantilevers to realize the 

hermetically sealed hybrid multilayer self-sensing cantilevers.  

This chapter is the core of my PhD research and presents the novelty, the design, the 

microfabrication, and the performance of such devices in multiple AFM applications. I have 

been fully dedicated to the development of the microfabrication process as well as the 

microfabrication, instrumentation development, device assessments, acquiring AFM images, 

data analysis, and paper writing.  

This is a copy of an article:  

Hosseini N, Neuenschwander M, Andany SH, Peric O, Adams JD, Fantner GE. A novel 

microfabrication platform for hermetically sealed, hybrid multilayer self-sensing cantilevers. 

To be submitted to the peer-reviewed journal, Nature Nanotechnology. 

 

4.1 Abstract 

This work presents a microengineering platform to develop high-resolution, high-speed, 

and versatile piezoresistive hybrid multilayer cantilevers, with up to one order of magnitude 

improvement in force resolution compared to state-of-the art silicon cantilevers. The device 

performance relies on advanced material engineering and fabrication methods, which brings 

the self-sensing technique into the required paradigm of low force noise, versatility, and 
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functionality, for both static and dynamic measurements. The device is composed of a 

polymer core and strain sensing elements, encapsulated by two hard ultra-thin films. It is 

shown that the multilayer cantilevers detect the sample topography significantly faster, owing 

to its low quality factor and hence higher tracking bandwidth. The device has proven great 

compatibility as it has been used in liquid, air, and vacuum, for different scanning probe 

microscopy techniques.  

4.2 Introduction 

Cantilever based sensing is one of the most sensitive measure of force or mass [124], 

[125]. For example atomic force microscopy (AFM), and related techniques, have become one 

of the main techniques to probe materials in the nanoscale regime. In AFM, the information 

about the surface topography is measured by transducing the tip-sample interaction force (F) 

to an electrically measurable quantity, e.g. primarily voltage (V). However, the currently 

prevailing method of measuring the cantilever deflection, optical beam deflection (OBD) 

method, makes the measurement devices complex, requires high level of interaction between 

the user and the instrument. These restrict a much broader use of the technology in areas such 

as healthcare and industry. This was already recognized very soon after the invention of AFM, 

and cantilever sensors have been microfabricated that have self-sensing electrical readout 

[31][52][126][127]. Compared to the traditional OBD method (shown in Figure 4-1(a)), 

which measures the change in reflection angle (θ) of a laser beam reflected from the back of 

the cantilever, self sensing cantilevers directly transduce the cantilever deflection (d) into an 

electric signal (VElc), as illustrated in Figure 4-1(b). The self-sensing cantilevers are very 

attractive for applications where the complex OBD instrumentation is cumbersome or 

impractical. For example in applications where there is no optical access to the cantilever 

[128], [129], in-vivo measurements in opaque solutions and for delicate, laser-sensitive 

biological samples [130], applications requiring multiple parallel sensors[131], [132], or 

applications in automation that require levels of robustness that are difficult to achieve with 

the complexity of the OBD method. 

However, thus far, self-sensing cantilevers have suffered from two main inconveniences. 

Firstly, the signal-to-that obtained noise ratio of self-sensing cantilevers has been significantly 

inferior to OBD. Secondly, self-sensing cantilevers were much less versatile than OBD 

cantilevers, because they are not inherently compatible with measurements in fluids [127] or 

coatable for advanced measurements requiring additional coatings [133]. 

 In this wok, we have overcome these two issues by introducing a fundamentally different 

approach to fabricating self-sensing cantilevers. In our technology, the AFM cantilevers are 
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made of a thick polymer core, sandwiched between two thin layers of a hard material in a tri-

layer structure. The active electronic parts are embedded between the polymer and the hard 

layers, and are as such protected from the environment. 

 
Figure 4-1 From the tip-sample interaction force to the measured voltage, transduction and interdependencies. (a) 
Optical scheme: The applied force, F, causes deflection at the free end of the cantilever, which consequently 
changes the beam bending angle (θ) and therefore the position of the reflected laser beam on the quadrant 
photodiode. The transimpedance amplifier converts the photodiode current (i) into voltage (VOpt). Force sensitivity 
(FS-optical) is defined as VOpt/F where L, W, T and E are length, width, thickness and Young’s modulus of the 
cantilever respectively. lb is the diameter of the laser beam and a is a constant dependent on standard calibration of 
the OBD method and is independent of how the cantilever is loaded. (b) Self-sensing scheme: The applied 
force/deflection induces strain at the base of the cantilever, which can be measured directly by Wheatstone bridge 
and the instrumentation amplifier. The FS-self sensing depends on the gauge factor (G.F.) of the sensing element, 
the bridge bias voltage (VB), the dimensions of the cantilever and the piezoresistors. (c) The deflection sensitivity is 
defined as the force sensitivity over the spring constant. The deflection sensitivity of the optical scheme is 
independent of the cantilever thickness whereas it increases with the cantilever thicknesses for the self-sensing 
cantilevers. Finite element analysis approves higher strain concentration for a 8um thick cantilever compared to a 
2um thick cantilever. The spring constant changes by the cantilever thickness, cubed. (d) Spring constant depends 
on the cantilever thickness as well as the cantilever material.  Soft materials, for example polymers, have the same 
spring constant for higher thicknesses compared to conventional MEMS materials (e.g. silicon and silicon nitride). 
Dashed yellow line stands for the multilayer cantilevers. 

This makes the cantilevers inherently fluid compatible and allows for multifunctional 

coatings in the same way as conventional OBD cantilevers. The low Young’s modulus of the 

polymer leads to up to 10 times thicker cantilevers for a given spring constant (k), which 

increases the sensitivity of the self-sensing devices by up to a factor of 10 compared to 

traditional self-sensing cantilevers. 
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In the OBD method, the electrical signal is measured from the change in angle on the 

cantilever; therefore the deflection sensitivity (VOpt/d) is independent of the cantilever 

thickness (dashed green line in Figure 4-1(c)). The OBD cantilevers have exceptionally good 

force sensitivity (VOpt/F), because the force sensitivity, which is obtained by dividing the 

deflection sensitivity over the spring constant, can be increased by reducing the cantilever 

thickness and hence the spring constant (see the formula for FS-Optical in Figure 4-1(a)). For 

self-sensing cantilevers that measure the strain in the cantilever, this approach is much less 

effective since by reducing the thickness, one not only decreases the cantilever stiffness, but 

also moves the strain sensors closer to the neutral axis. This reduces the output signal of the 

self-sensing cantilever for a given deflection, i.e. the deflection sensitivity (solid green line in 

Figure 4-1(c)). As such, the benefit of the lower spring constant is partially counteracted by 

the reduced deflection sensitivity.  

In this work, we have chosen an alternative strategy to reduce the spring constant, while 

maintaining the thickness and high deflection sensitivity. By making the bulk of the cantilever 

out of polymer, this multilayer cantilever is much softer (Figure 4-1 (d) dashed line) than 

conventional AFM cantilevers; see Figure 4-1(d) Si and SiN. We therefore can design our 

cantilevers to be thick, yet still soft. The increased thickness directly translates to an increased 

strain at the outer layer of the cantilever where the strain sensors are located (see Figure 

4-2(a)). 

4.3 Multilayer, polymer-core self sensing cantilevers 

The fabrication process of the multilayer cantilevers is based on polymer bonding of two 

pre-processed wafers, with subsequent release of the multilayer cantilever via KOH wafer 

through etch (see Figure 4-2(b)). The benefits of this process are that everything is 

symmetrically sealed and all high temperature processes required for fabricating the sensing 

elements can be performed before the wafer bonding. The wafer bonding is realized by using 

Benzocyclobutene (BCB), with the commercial product named CYCLOTENE 3022 (The Dow 

Chemical Company) polymer. The final product is a hybrid multilayer structure with the 

sensing elements and electrical connections hermetically sealed inside the cantilever. Figure 

4-2(c) displays an SEM image of a released multilayer cantilever where the sensing elements 

as well as the BCB layer are encapsulated between 20nm low stress silicon nitride (LSNT) thin 

films.  
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Figure 4-2 The multilayer self-sensing device realization and its basic performance. (a) A schematic of the 
multilayer cantilever, illustrates a polymer core and self-sensing electronics sandwiched between two hard thin 
films. Strain/deflection sensitivity increase as the sensing element is placed further away from the neutral axis. (b) 
The fabrication process is based on polymer bonding of two processed wafers. Wafer-1 has spin coated Cyclotene 
(BCB in orange) on a thin layer of silicon nitride (blue) and wafer-2 has piezoresistors and interconnections 
patterned on a silicon nitride layer with the same thickness as the one for wafer-1. Two wafers are bonded together 
by using BCB as a glue and then silicon chip body (grey) are made through KOH etch. (c) SEM image of a tip 
integrated multilayer cantilever. Sensing elements are buried under the 20nm silicon nitride thin film.  (d) 
Theoretical and experimental evaluations of the multilayer technology with poly-silicon piezoresistors. Circular 
points represent two multilayer cantilevers with the same planar dimension (150µm by 50µm) one with 1.6µm 
BCB and the other with 3.2µm BCB thicknesses. The BCB layer and Wheatstone bridge are encapsulated by 20nm 
LSNT. i, ii- The deflection sensitivity and the spring constant increase by increasing the thickness. iii- The force 
sensitivity decreases for stiffer cantilevers. (e) Comparison of different combinations of the multilayer technology 
with a silicon cantilever with poly-silicon piezoresistors. (f) Experimental data proves better force noise for a 
multilayer cantilever compared to a silicon cantilever with similar dimensions and similar piezoresistors (e.g. single 
crystal silicon). (g) Owing to the enhanced deflection sensitivity of the multilayer cantilevers, a RMS noise value of 
0.4A° was obtained in AM-AFM in air. (h) Single atomic layer of HOPG is resolved by employing the multilayer 
cantilever in air.   

Figure 4-2(d)-i indicates how the deflection sensitivity of the multilayer cantilever 

increases linearly with the polymer thickness. The circular data points represent two batches 
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of cantilevers we fabricated with 1.6µm and 3.2µm BCB respectively. The solid lines are 

theoretically calculated without any fitting parameter.  

The spring constant increases with the thickness cubed (Figure 4-2(d)-ii), which follows 

the conventional wisdom that for improved force sensitivity, the cantilever should be made as 

thin as possible (Figure 4-2(d)-iii). Comparing different multilayer materials combinations 

with cantilevers made out of pure silicon, we see that general trend of increased force 

sensitivity for decreased thicknesses remains true, but the force sensitivity of the multilayer 

cantilevers is offset compared to that of silicon cantilevers by as much as one order of 

magnitude as presented in Figure 4-2(e). 

The force sensitivity advantage of the multilayer cantilevers over silicon cantilevers 

disappears when going to very thin cantilevers, because the relative contribution of the 

polymer decreases compared to the contribution of the silicon nitride. The multilayer 

geometry is not guaranteed to provide better force sensitivity for all applications. For practical 

AFM cantilevers having reasonable AC-mode bandwidth (Resonance frequency =10kHz-

1MHz, k=0.1-60N/m), the multilayer geometry provides significantly improved noise 

performance. 

Figure 4-2 (f) represents the noise spectrum of two cantilevers with equal dimensions, and 

strain sensors (e.g. boron doped silicon), one made of silicon and one using the multilayer 

geometry. We calculated 6 times better force noise for the multilayer cantilever compared to 

the silicon cantilever. We measured the achievable 0.4 Angstrom RMS imaging noise with the 

multilayer cantilevers in AC mode in air (Figure 4-2(g)) and imaged HOPG where one could 

easily resolve single atomic steps (Figure 4-2(h)). Compared to our measurements of HOPG 

with silicon self-sensing cantilevers of comparable size [51], we obtained the same image 

quality with spring constant 3 times lower, leading to a factor of 3 lower tip-sample forces.  

4.4 Results and discussion 

Self-sensing AFM cantilevers for AFM imaging are of particular interest for applications 

where OBD measurements are difficult or impossible, such as for in-line process control, low 

temperature cryostats or inside the vacuum chamber of an SEM. For AM-AFM imaging 

applications, factors other than force sensitivity also play a vital role for the image quality. A 

key parameter for the measurement bandwidth is the mechanical quality factor (Q-factor) of 

the cantilever, especially in vacuum applications. Adams et al. [62] have shown that by 

making cantilevers out of polymers, the Q-factor is reduced and the imaging bandwidth could 

be increased by one order of magnitude for identical planar geometries, spring constant and 

resonance frequencies.  
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In the case of the multilayer cantilevers, the Q-factor is also dramatically reduced, albeit 

not as much as for pure polymer cantilevers, because the silicon nitride layers contribute over-

proportionally to the stiffness due to the location being far away from the neutral axis. The Q-

factor of the multilayer cantilevers in vacuum is a factor of 4 lower than that of comparable 

silicon cantilevers, which manifests in 4 times faster imaging speed. Figure 4-3(a) shows SEM 

image of the close packed ommatidium lens surfaces of a wasp eye and the multilayer 

cantilever on top of the ommatidium lens surfaces in vacuum. One ommatidium was then 

imaged using the multilayer and the silicon cantilevers at 2 line/sec and 32 lines/sec in 

vacuum shown in Figure 4-3(b).  While the silicon cantilever clearly tracks the sample poorly 

at 32line/sec scan rate, the multilayer cantilever detects the sample topography significantly 

better owing to its lower Q-factor and hence higher tracking bandwidth. 

 
Figure 4-3 High tracking bandwidth of multilayer cantilevers in AM-AFM. (a) i- Wasps has amazing eye cornea 
(with permission from www.alamy.com). ii- A closer look needs advanced technologies like a SEM-AFM hybrid 
system. iii- SEM image of the close packed ommatidium lens surfaces of the wasp eye. The multilayer cantilever is 
placed inside SEM and on top of the ommatidium lens surfaces. (b) Multilayer cantilever has lower Q-factor and 
therefore higher detection bandwidth. Ommatidium lens surface has been imaged with 2line/sec and 32line/sec 
scan rates.  The multilayer cantilever shows better tracking ability compared to its silicon counterpart. 

One of the main benefits of the multilayer geometry is that all sensing elements and 

electrical connections are safely sealed inside the cantilever. This makes the multilayer 

cantilevers inherently compatible with AFM imaging in fluid without surface passivation, 

something that is problematic with conventional self-sensing cantilevers. The combination of 

the self-sensing and the chemical resistance of the cantilever allows for imaging processes 

even in opaque and aggressive liquids. Figure 4-4(a) shows the etching process of a polished 
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nickel surface in ferric chloride (FeCl3), a brown opaque liquid. Even after 5 hours of imaging, 

the cantilever showed no sign of degradation.  

The fact that in the multilayer cantilevers all sensing elements are sealed inside makes 

these cantilevers a versatile platform for many other AFM imaging modes that require special 

coating on the cantilever such as kelvin probe force microscopy (KPFM). KPFM relies on 

measuring the potential offset between a conductive tip and the sample surface, which reveals 

the surface work function map. Figure 4-4(b) displays the superposition of the height data and 

the surface potential measurements of a Polystyrene-Low Density Polyethylene (PS-LDPE) 

polymer blend, taken by a coated multilayer cantilever. For this measurement, the cantilever 

bottom side was sputter-coated with a 100nm gold layer.   

Another powerful technique that requires functionalized cantilevers is magnetic force 

microscopy (MFM). We coated the multilayer cantilevers with ca. 70nm evaporated Ni81Fe19 

and performed correlated SEM-AFM-MFM imaging of an artificial spine-ice structure; see 

Figure 4-4(c). The sample tiling is called Penrose P2 tiling where Ni81Fe19 nanobars have been 

fabricated on this tiling [134]. If one looks at the MFM data displayed in Figure 4-4(c)-iii, the 

intensity of blue and red colors at the vertices is different. The higher intensity of these colors 

at the vertices implies that these vertices acts as “hotspots” for ferromagnetic switching to 

begin. Just applying a saturating magnetic field and then reducing the field to zero can 

essentially program these hotspots. 

Self-sensing cantilevers mainly suffer from stiffness, noise performance and fluid 

compatibility. For dynamic measurements, the resonance frequency of the cantilever, the 

spring constant, and the minimum thickness of the sensing material creates a limit of how 

thin the cantilever can be. Roukes et al [46] have shown that extreme miniaturization and 

impedance matching of the sensor and readout electronics can provide excellent force 

resolution. Dukic et al [135] have demonstrated nm-range direct printing of nanogranular 

tunneling strain sensors on sub-micron size devices allows for dynamic AFM measurements. 

However, scaling down the device sizes creates practical limits on the manufacturability, 

suitability and functionality in many applications.  

In addition to the deflection sensitivity, it is important to have good force sensitivity and 

measurement bandwidth. Harley et al [52] have shown that exceptionally high force 

resolution for very thin and long self-sensing cantilevers having spring constant on the order 

of 10-5 N/m. While such soft cantilevers are very well suited for static force measurements, 

their low resonance frequency makes them ill suited for dynamic measurements such as those 

in AFM imaging.  
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Figure 4-4 Multilayer cantilevers provide a versatile platform for different SPM techniques. (a) A multilayer 
cantilever is immersed in FeCl3 to see how a polished nickel surface evolves in times when it is exposed to FeCl3. 
(ii),(iii) and (iv) show how nickel grains are shrunk and etched by FeCl3. (b) A multilayer cantilever can be safely 
coated with 100nm gold to provide a conductive tip for KPFM applications. PS-LDPE polymer blend is imaged. (ii) 
Shows the topography and (iii) is the superposition of topography and the work function difference between PS 
and LDPE. (c) A multilayer cantilever is coated with ca. 70nm Ni81Fe19 to perform MFM in vacuum with our SEM-
AFM hybrid system. (ii) Topography image of interconnected Ni81Fe19 nano-rods. (iii) Superposition of 
topography and phase data. The phase data shows contrasts in the measured stray fields in the Permalloy nano-
rods. (iv) SEM image provides visual feedback.     

The multilayer technology yields increased force sensitivity, which still meets the practical 

limits of cantilever size (both minimum and maximum), aspect ratio, resonance frequency 

and spring constant. For instance, the spring constant must be high enough to overcome 

surface adhesion, but not too stiff to cause tip-sample damage for AFM purposes.  

Due to its adaptable process flow, the multilayer concept does not replace other 

techniques, but it adds to them. For example, it allows integration of multiple sensor materials 

(silicon, polysilicon, metal strain gauges, MoS2, etc.). It also enables having active elements on 

both sides of the cantilever and further integration of other functionalities such as scanning 

microwave microscopy. Our technology is expandable beyond AFM cantilevers. For instance 

same technology can be used for the fabrication of fluid compatible MEMS based biosensors 

or self-sensing microfluidic MEMS devices by patterning the polymer core. 
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4.6 Methods 

4.6.1 Cantilever fabrication  

4.6.1.1. Self-sensing multilayer cantilevers based on polysilicon piezoresistors 

The key fabrication steps for the multilayer cantilevers with polysilicon piezoresistors are 

hereby described. First, low stress silicon nitride (LSNT), with a minimum thickness of 20nm, 

was deposited on silicon wafer-1 (380μm-thick double-sided-polished (100)-plane) supported 

by Low Pressure Chemical Vapour Deposition (LPCVD). LSNT (similar to wafer-1), 

polysilicon (100nm) and borosilicate glass (BSG, 200nm) were layered by LPCVD onto silicon 

wafer-2 (380μm-thick double-sided-polished (100)-plane), then annealed at 1200°C for 15 

minutes. The BSG layer served as a doping source during the annealing process and then as a 

mask to define the polysilicon piezoresistors. This BSG layer was then patterned by 

photolithography and then dry etched. The boron doped polysilicon piezoresistors were 

defined in KOH 40% at room temperature. The BSG layer was then removed in buffered HF 

(BHF) and aluminum metal traces were deposited by lift-off photolithography and metal 

evaporation. Wafer-1/wafer-2 (or both) was/were spin coated with Cyclotene 3022-35 Resin 

(BCB) and bonded in a vacuum bonder; the bonded wafers were then hard baked at 250°C for 

1 hour. Cantilever chip bodies were patterned in two steps. First, by employing 

photolithography and dry etching on the backside of wafer-2, the LSNT mask was patterned. 

The LSNT on the backside of the wafer-1 was blanket etched. Then, the cantilever chip bodies 

were patterned by overnight KOH 40% at 60°C by means of the LSNT mask where the bulk 

silicon of wafer-1 was entirely removed. The cantilevers were then patterned through the use 

of photolithography and dry etching with aluminum mask. Finally, a reflective coating 

(titanium-gold, 5nm-10nm) was sputtered onto the backside of the cantilevers. 

More details of the process flow are provided in the supplementary information, section 

4.7. 
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4.6.1.2. Self-sensing multilayer cantilevers based on single crystal silicon piezoresistors 

In order to adapt the multilayer cantilever process to integrate single crystal silicon 

piezoresistors, the process was modified to use Silicon On Insulator (SOI) technology where 

the buried SiO2 layer functioned as the etch stop layer to protect the silicon piezoresistors 

during the KOH etch.  

The boron doped silicon piezoresistors (BSG source, diffusion at 1200°C for 15 minutes) 

were patterned through the silicon device layer of the SOI wafer (SOI 725-2-0.13) by 

photolithography and dry etching. It is important to mention that the SOI wafer was initially 

mechanically grinded from 725µm to 380µm to match its complementary wafer. The LSNT 

film was deposited by LPCVD as described in the method section 4.6.1.1. and then punched 

(photolithography and dry etching) to make two openings for each piezoresistor. These 

openings acted as via to connect the metal contacts to the silicon piezoresistors. The 

aluminum metal contacts were then created by lift-off photolithography and metal 

evaporation. The BCB coating and bonding, and chip release were similar to the one 

described in the method section 4.6.1.1. The buried SiO2 was finally removed in 50% diluted 

HF. For applications where the fluid/coating compatibility is required, we can leave a thin 

layer (ca. 20nm) of the oxide by timing the HF process. This thin layer of SiO2 does not 

compromise the functionality of the multilayer cantilevers because the tensile module of SiO2 

is relatively small compared to LSNT. The reflective metal deposition is similar to the one in 

the method section 4.6.1.1.  

4.6.2 Tip integration 

Oxide sharpened [7] silicon nitride tips were created on the wafer composed of the 

sensing elements (i.e. wafer-2). Silicon wafer-2 was first covered with 20nm LSNT (LPCVD) 

and circular openings were patterned using e-beam lithography and dry etching. LSNT was 

chosen over SiO2 for its high etching resistance in KOH, making it a more suitable mask. The 

tip moulds were then created by silicon anisotropic KOH (40% at 60°C) etching. The LSNT 

mask was then removed in 50% HF. This process differs from the non-tip process in the way 

that 400nm of SiO2 (for tip sharpening) was deposited prior to the LSNT structural layer. The 

rest of the process is similar to the recipe described in the method section 4.6.1.1. except that 

the 400nm SiO2 layer was removed in BHF after the cantilevers were release in KOH and 

before reflective metal coating. The best tip radius we achieved with this process was ca. 6nm. 

We have to state that the tip-integration was attempted only for the polysilicon piezoresistor 

multilayer cantilevers. For the non tip-integrated cantilevers, carbon Electron Beam Induced 

Deposition (EBID) tips were made at the free end of the cantilevers.  
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4.6.3 Cantilever characterization 

To calculate the cantilever properties, we used the following values where E stands for the 

Young’s modulus: 

ELSNT=240GPa, EBCB=2.9GPa, ESilicon=130GPa, and ESiO2=66GPa. Cantilever length=150µm, 

width=50µm and LSNT thickness=20nm. The BCB thickness changes from 500nm to 4µm. 

The piezoresistors length, width and thickness were 40µm, 8µm and 100nm respectively. The 

gauge factor of polysilicon was measured at 25.  

The experimental data were taken by deploying a Bruker NanoscopeV controller and 

MultiModeV AFM system. The differential signal from the Wheatstone bridge was amplified 

first by a low noise instrumentation amplifier (AD8429, Analog Devices, USA), and then two 

operational amplifiers with a total gain of 1000. The electronics output (deflection signal) was 

then fed into the Bruker Signal Access Module III (channel IN0). The electrical deflection 

sensitivity for each individual cantilever was obtained in contact mode. The 

thermomechanical tuning was measured to characterize the resonance frequency and the 

spring constant of the cantilevers.  The force sensitivity was obtained by dividing the 

deflection sensitivity over the spring constant.  

4.6.4 Noise measurement  

The noise spectrum in Figure 4-2(f) was acquired with a Zurich Instrument, UHF 

600MHz, 1.8GSa/S lock in amplifier for a multilayer cantilever and a silicon cantilever with 

the same size of 330µm by 110µm (both were based on boron doped single crystal silicon 

piezoresistors). The force sensitivity was obtained with the same procedure described in the 

method section 4.6.3. 

The Amplitude Modulation (AM-AFM) imaging noise in Figure 4-2(g) was measured 

with the system described in the method section 4.6.3 and is as follows: the scan size was set to 

a very small value (e.g. 0.01nm) and the proportional-integral feedback gains were reduced to 

very small values. This way, there is no topography change and tracking so all of the 

fluctuations in the self-sensing deflection signal is contained in the amplitude error signal. 

The distribution of these fluctuations is used to compute the RMS noise.  

4.6.5 Measurements in vacuum 

Vacuum measurements (high-speed images of the wasp eye and MFM measurements) were 

performed with our SEM-AFM hybrid system (GETec, Austria) and Anfatec controller 

(Anfatec Instrument AG, Germany).  
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4.6.6 Nickel etch  

The experiment was performed using a Bruker NanoscopeV controller and a Dimension Icon 

AFM scan head with a homebuilt, liquid compatible cantilever holder. The electrical 

deflection signal was sent to the IN0 port of the Bruker Signal Access Module III. The images 

were taken in PeakForce Tapping with a 50nN force set point, 1kHz PeakForce frequency and 

1Hz scan rate.  

4.6.7 MFM 

Images were taken with the system described in the method section 4.6.5 using the two-pass 

technique. This technique allows imaging long-range magnetic interactions while reducing 

the influence of topography. To collect the MFM data, a tapping self-sensing multilayer 

cantilever, coated with Permalloy, scanned over the sample surface at 169kHz resonance 

frequency to obtain topographic information. The tip was then lifted to 30nm above the 

sample surface. To maintain a constant separation during the second pass, the height data 

from the first scan was added to the lift height (30nm).  

4.6.8 KPFM  

The image was taken with a Bruker NanoscopeV controller and MultiModeV AFM system in 

LiftMode (two-pass technique) with AM-KPFM. The conductive tip of the cantilever was held 

at ground potential and the sample was biased through the sample holder. 

4.6.9 AFM image processing 

Images were processed in Gwiddion. We removed line-by-line offset using a median 

correction method and subtracted the background tilt or bow using first and second order 

polynomial fittings.  The AFM images did not go through any noise filtering corrections. 

Images of the nickel etch were cropped to compensate for the sample drift. 

4.6.10 Sample preparation  

The wasp was found dead and the head was removed and then coated with gold and 

palladium to provide a conductive layer for SEM. The nickel surface was polished with silica 

suspensions (0.05µm) in Interdisciplinary Centre for Electron Microscopy (CIME) at EPFL. 

The MFM sample was provided by professor Dirk Grunder (Laboratory of Nanoscale 

Magnetic Materials and Magnonics, EPFL).  
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4.7 Supplementary information 

Process flow. The fabrication process flow of the self-sensing hybrid multilayer 

cantilevers is illustrated in Figure 4-5, and the corresponding steps are presented in Table 4-1. 

The detailed run-card is elaborated in Appendix A. 

 
Figure 4-5 Highlights of the process flow to fabricate self-sensing multilayer hybrid cantilevers. 

 

Table 4-1 Highlights of the run-card to fabricate self-sensing multilayer hybrid cantilevers. 

Step Wafer Process Material Target value 

i 1 LPCVD LSNT 20nm-(100nm) 

ii 
 

2 
 

LPCVD 
 

LSNT 20nm-(100nm) 

Polysilicon 100nm 
BSG 200nm 

Diffusion  1200°C, 15 minutes 
iii 2 

 
Photolithography AZ1512 1.3µm 

Dry etch BSG 200nm 
Resist strip 1165 remover  

vi 2 KOH wet etch Polysilicon 100nm 
BHF wet etch BSG 200nm 

v 
 

2 
 

Photolithography LOR-AZ1512 480nm-1.1µm 

Metal evaporation Al 150nm 

Lift off   

Wafer 1

SiLSNT PolySiBSGAu BCB PR

i. ii. iii.

iv. v.

Wafer 2Wafer 1

vi.

Wafer 2

Wafer 1
vii.

Wafer 2

Wafer 1
Wafer 2

Al

viii. ix.

x. xi.
Wafer 2 Wafer 2 Wafer 2

Wafer 2 Wafer 2 Wafer 2

Ti-Pt-Au-AlTi-Pt-Au

xii.

xiii. xiv.

Wafer 2

Wafer 2 Wafer 2

xv.
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Photolithography LOR-AZ1512 820nm-1.1µm 
Metal evaporation Al 250nm 
Lift off   
Photolithography LOR-AZ1512 820nm-1.1µm 
Metal evaporation Ti-Pt-Au-Al 50nm-50nm-150nm-100nm 
Lift off   

vi 1,(2) Spin coating BCB 1.6µm-(8µm) 

vii 
 

1, 2 
 

Wafer bonding   

Hard bake BCB 250°C, 1 hour 
viii 2 Photolithography AZ1512 1.3µm 

Dry etch Polysilicon, 
LSNT 

100nm, 20nm-(100nm) 

Resist strip   

1 Dry etch LSNT 20nm-(100nm) 

ix 1, 2 KOH wet etch Silicon 380µm 
x 1 Metal evaporation Al 300nm 

2 Metal evaporation Al 2µm 

xi 1 Photolithography AZ1512 1.1µm 

xii 1, 2 ANP wet etch Al 300nm 

xiii 1,2 Dry etch LSNT-BCB-
LSNT 

 

Resist strip   

xvi 1, 2 ANP wet etch Al 2µm 

xv 2 Metal evaporation Ti-Au 5nm-10nm 

 

This is the end of the article. 

 

4.8 Microfabrication challenges 

4.8.1 Wafer bonding 

One of the crucial fabrication challenges was the wafer-bonding step. The wafer bonding 

was based on gluing two wafers together under pressure at moderate-high temperatures 

where the glue would end up to be the polymer core of the multilayer structure. The quality of 

the wafer bonding was highly affected by the surface adhesion between the polymer core on 

one side and the LSNT thin film and the self-sensing components on the other side. 

Furthermore, to serve the high tracking bandwidth, such a polymer needs to have high 
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material bandwidth product, defined as  where E is Young’s modulus and ρ the 

density and ηi the intrinsic loss factor [62]. As a cantilever material, it also has to show low 

water-uptake when immersed in liquids.  

 
Figure 4-6 Toward successful wafer bonding. (a) An optical photo of a Parylene-bonded wafer (non self-sensing), 
which shows very clear polymer delamination after overnight KOH. (b) An optical photo of a BCB-bonded wafer 
(self-sensing) after overnight KOH, which shows how using wrong wafer-bonding parameters results in polymer 
delamination and damages to the self-sensing elements. (c) Successful BCB wafer bonding (self-sensing 
cantilevers): i. An Optical photo of a wafer after overnight KOH, ii. An optical photo of three fully processed 
wafers, iii. An optical Image of an individual self-sensing multilayer hybrid cantilevers, iv. The SEM image of a self-
sensing multilayer hybrid cantilever shows the three layers at the free end of the cantilever. 

We attempted several polymers with the abovementioned properties. Figure 4-6(a) 

displays a Parylene-bonded wafer after overnight KOH (step ix in Figure 4-5), with very clear 

polymer delamination. This unsuccessful wafer bonding happened even without adding the 

self-sensing components to the process. The next alternative was SU8 as we had fabricated 

pure SU8 cantilevers. However, we did not find a reliable recipe for SU8 wafer bonding. 

Finally, Benzocyclobutene (BCB) showed the best credibility as a cantilever and a wafer 

bonding material. Although, the suitability of BCB wafer bonding was correlated with using 

the right bonding parameters. For example, Figure 4-6(b) displays the results of the BCB 

wafer bonding using the wrong bonding parameters. Eventually, we came up with the right 

ηi
E
ρ

(a) Parylene wafer bonding

(c) BCB wafer bonding, using the correct bonding parameters

(b) BCB wafer bonding,
 using the wrong bonding parameters

i. ii.

2 µm

200µm

iii.

LSNT

BCB
LSNTiv.
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bonding recipe, which is elaborated in Table 4-2. Figure 4-6(c) shows the results of such a 

BCB wafer bonding.  

 

Table 4-2 BCB wafer bonding parameters, accepted for Süss SB6, vacuum anodic bonder. 

Step Machine action Chamber 
Pressure (mbar) 

Tool Pressure 
(mbar)	

Temperature 
(°C)	

Time 
(min) 

1 Initialization 1000 0 20 - 
2 Pump down 3 0 20 - 
3 Top and bottom plates: heat up 3 0 160 - 
4 Contact with central spring 3 0 160 - 
5 Clamps out 3 0 160 - 
6 Spacers out 3 0 160 - 
7 Top and bottom plates: in 

contact with the wafers 
3 0 160 - 

8 Top and bottom plates: press 
the wafers together 

3 2500 160 3 

9 Top and bottom plates: released 3 0 160 - 
10 Chamber vent 1000 0 160 - 
11 Cool down 1000 0 20 - 

4.8.2 Silicon nitride thickness 

The thickness of LSNT influences the resonance frequency and the spring constant (hence 

the force sensitivity) of the cantilevers dramatically. Ideally, to avoid the cantilever stiffening, 

we would desire to encapsulate the polymer core and the strain sensing elements with ultra-

thin layers of LSNT. However, reducing the LSNT thickness from 100nm to 20nm caused a 

noticeable loss in the metal traces and drop in the fabrication yield (from 85% to 55%). This 

was attributed to the presence of pinholes and other structural defects in LSNT, combined 

with several wet-etching (both acid and bases) processes, which potentially damages the 

Aluminum metal traces. One approach to improve the fabrication yield is replacing the 

aluminum metal traces with gold, which has principally much better chemical resistance. 

 

Table 4-3 presents a comparison between different cantilever dimensions with different 

LSNT and BCB thicknesses.  

 

Table 4-3 A set of hybrid multilayer cantilevers characterization. 

 
Thickness 

 

 
Length 
(µm) 

 
Width 
(µm) 

Resonance 
frequency 

(kHz) 

 
Q-factor 

Spring 
constant 

(N/m) 
20nm LSNT, 4µm BCB	 200 50 42 25 0.6 

20nm LSNT, 4µm BCB	 100 50 182 50 4.5 

50nm LSNT, 4µm BCB 200 50 63 41 1.4 
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50nm LSNT, 4µm BCB 100 50 249 78 9.2 

50nm LSNT, 8µm BCB 200 50 112 65 9 

50nm LSNT, 8µm BCB 100 50 480 78 46.5 

100nm LSNT, 4µm BCB 200 50 82 76 3 

4.8.3 Photo-mask cleaning 

The microfabrication of the self-sensing multilayer cantilevers was engaged with multiple 

photolithography steps, for instance, patterning the piezoresistors (step iii), metal traces lift-

off (steps v), and cantilever patterning (step xi). We noticed that after several mask-wafer 

alignments, there was some photoresist residues remained on the photomask, which was 

particularly very problematic for the cantilever patterning. Figure 4-7(a) shows a photomask 

for cantilever patterning after several uses. The photoresist residues can potentially change the 

cantilever outline as it is shown in the SEM image of a released cantilever. 

To clean the masks, we immersed the contaminated one in sulfuric acid (H2SO4) for 2 

minutes at room temperature. Figure 4-7(b) displays the photomask after cleansing and a 

cantilever produced with the use of such a clean mask. 

 
Figure 4-7 Contaminated photomask causes rough patterns and has to be cleansed. (a) A used photomask has 
photoresist residues, which causes rough outlines. The SEM image shows the free end of a multilayer cantilever, 
released by using a contaminated photomask. (b) The photo-mask is cleansed by immersing it in H2SO4 for 2 
minutes. Such a photomask resembles a newly made one. The SEM image displays the free end of a multilayer 
cantilever, which was released by using the clean photomask, has a very clean edge  

4.8.4 Wire bonding issues 

In order to connect the electrical signals from/to the self-sensing cantilever (Wheatstone 

bridge) to/from the read-out electronics, multiple PCBs were designed which were compatible 

10µm 10µm

(a) A contaminated photomask (b) A cleansed photomask

2µm2µm
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with our AFM setups. Each PCB had four pads for the Wheatstone bridge, plus one extra pad 

for the dither piezo. We utilized the ball-wedge wire bonding method, with the use of gold 

wires. However, the wire bonding of the 20nm-LSNT cantilevers was subjected to some 

random short-circuit failures, which was merely attributed to the wire bonding process. We 

realized that the capillary of the wire-bonding machine would break through the 20nm LSNT 

layer due to ultrasonic forces and would damage the wire-bonding pads of the cantilevers. 

Therefore, the electrical current could flow from one damaged pad to the next one through 

the silicon chip body.  

We bypassed this problem by gluing the wires manually on the cantilever pads using 

conductive epoxy. However, this approach is suitable for low-volume research purposes but 

not for high-volume manufacture of general-purpose AFM cantilevers. One approach to 

overcome this issue is fortifying the cantilever bonding pads by adding an extra hard layer, for 

example, 100nm SiO2, between the LSNT layer and the silicon chip body.  

 

Note: 

The concept of the multilayer MEMS devices has been internationally patented which is 

presented in Appendix B. 
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Chapter 5 

5. Self-sensing SU8 cantilevers based on MoS2 piezoresistors 

As discussed in chapter 2, we showed that the microfabrication process of SU8 cantilevers 

has promising aspects in terms of the imaging bandwidth and having SU8 as a device 

material. We can fabricate SU8 devices with thicknesses ranging from hundreds of 

nanometers to hundreds of micrometers; all by spin coating. Since a high-temperature 

process is not possible with polymer cantilevers, mostly sputtered metals, polysilicon and 

carbon composites are used as piezoresistive sensors [47], [136]–[138]. Two-Dimensional 

(2D) materials are new alternatives for piezoresistive strain sensing [65]. The high mechanical 

flexibility and low bending stiffness of 2D materials prevent local stiffening of the polymer 

cantilevers. The local stiffening happens when the elastic modulus of the sensing element is 

higher than the elastic modulus of the cantilever material and hence the flexural rigidity of the 

cantilever increases locally where the sensing element is placed. This local stiffening forces the 

neutral axis to become closer to the sensing element and reduces the deflection sensitivity. 

Furthermore, the deflection sensitivity depends on the gauge factor of the sensing element. 

The gauge factor is a unit-less parameter and is defined as the ratio of relative change in 

electrical resistance R, to the mechanical strain ε. For instance the gauge factor of polysilicon 

is 30 and the gauge factor of thin film gold is 2. For the 2D piezoresistive piezoresistors, the 

high gauge factor ranging from 10s to 100s further raises the deflection sensitivity [139]–

[141]. Based on these advantages of 2D piezoresistive materials, we chose MoS2 for the 

piezoresistive readout in our SU8 cantilevers since the in-plane geometric properties of 2D 

materials provides convenience and flexibility in fabrication and design. 

This work has been done in collaboration with Prof. Andras Kis and Dr. Yen-Cheng Kung 

(lanes.epfl.ch). 
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5.1 Device design and fabrication process 

Rectangular and triangular cantilevers are widely used cantilevers. Triangular cantilevers 

have the advantage of reducing lateral twisting, so they are preferable in high speed scanning.  

In our work, we used a triangular cantilever beam for our study. The analytical formula of 

the resonance frequency of a triangular cantilever is . In this formula, t is 

the thickness of the cantilever, L is the triangular beam length, E is Young’s modulus of the 

materials and ρ is the mass density. In our design, we chose t = 10µm and L = 130µm. The 

Young’s modulus and the mass density of SU8 are 4GPa and 1200kg/m3 respectively. The 

resulting resonance frequency is 356.6 kHz. 

To minimize the complexity of the fabrication, the entire body of the device is made of 

SU8 through spin coating as presented in Figure 5-1. Sandwiched between the SU8 layers is 

the Wheatstone bridge readout circuit composed of four pairs of MoS2 resistors and metal 

contacts as shown in Figure 5-1(a). One pair of the MoS2 resistors is on the beam and the 

resistance changes when the cantilever bends while the other resistors are on the chip body 

and do not experience any bending. The images of the finalized cantilevers shown in Figure 

5-1(b) and (c) prove the successful fabrication. 

 
Figure 5-1 SU8 cantilever with MoS2 piezoresistive readout. (a) Side-view and top-view schematic of the cantilever. 
(b) An optical image of the entire chip. (c) An optical image and a schematic of the integrated Wheatstone bridge. 

The fabrication process flow is shown in Figure 5-2. First, a Cr-Au-Cr sacrificial layer was 

introduced where 5nm Cr, 50nm Au, and 20nm Cr were deposited sequentially using e-beam 

evaporation. 1µm SU8 layer was then spin-coated and patterned by photolithography. The 

MoS2 flakes were first grown on SiO2 and then mechanically transferred to the SU8 layer using 

f = t
2πL2

30E
7ρ

(a) (b)

(c)
Cantilever Chip body

SU8

MoS2

Au/Pt/Ti/Al
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Vout =V1 V2
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R
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PDMS stamp, similar to the protocol described in [142]. Metal traces were formed through e-

beam lithography and e-beam evaporation followed by lift-off process. Metal traces were 

composed of 70nm Au, 15nm Pt, 15nm Ti and 50nm Al. The topmost Al layer was deposited 

to improve the adhesion between the metal traces and the next SU8 layer. The wire-bonding 

pads were made through photolithography, 1.5µm Al evaporation, and lift off process. 

Patterning of MoS2 piezoresistors was performed with photolithography and O2 plasma to 

remove the excessive MoS2. The rest of SU8 structural layers consisting of 9µm SU8 

cantilever, 30µm SU8 chip body-1, and 120µm SU8 chip body-2 were then formed through 

photolithography. Two chip bodies were required to mimic the inclined wall, essential for the 

laser beam to access the cantilever in the OBD method. Finally, Cr etchant was used to etch 

the Cr layer and release the cantilevers at the end of the process. 

 
Figure 5-2. The process flow for the fabrication of SU8 cantilevers with MoS2 piezoresistors. 

5.2 Characterization of MoS2-SU8 cantilevers 

The mechanical tuning of the fabricated cantilever was performed using both OBD and 

piezoresistive readouts. The designed resonance frequency was 356.6kHz, so we have executed 

the measurement up to 800 kHz. From Figure 5-3, we could see a good overlap of the 

fundamental resonance frequency between the OBD and the MoS2 piezoresistive readouts. 

We confirmed the resonance frequency with the thermal tune measurement where the 

Cr-Au-Cr sacrificial layer on Si wafer

1µm SU8 bottom layer coating and patterning

MoS2 transferring and cleaning

Thin metal traces, Au-Pt-Ti-Al patterning

Bonding pads, Al patterning

Photoresist patterning and MoS2 etching

9µm SU8 top layer coating and patterning

30µm and 120µm SU8 
chip bodies coating and patterning

Cr etch, chip release
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fundamental resonance peak is observed. The measured resonance frequency of the cantilever 

was measured at 332.7kHz. The parasitic peaks discussed in chapter 3 are quite visible in the 

mechanical tuning. 

 
Figure 5-3. The mechanical tuning of the SU8 cantilever with optical and MoS2 based piezoresistive readouts. The 
inset is the thermal tuning curve of the cantilever. The red dashed line indicates the position of the resonant 
frequency located at 332.7kHz.   

5.3 Toward successful fabrication 

The abovementioned fabrication process is the one that led to functional cantilevers. 

Plenty of modifications to the process flow have been made in order to optimize the 

production. Here I discuss some critical steps and the benefits we obtained from the modified 

process. 

 
Figure 5-4 MoS2 transfer on the bottom SU8 layer of the cantilevers. A PDMS/PMMA stack transfers continuous 
MoS2 on the bottom SU8 layer. The optical image at the right part of the panel shows the crack-free continuous 
MoS2. 

For the MoS2 transfer, the PDMS assisting method is used here for its compatibility for 

large continuous area transfer. As shown in Figure 5-4, the PDMS/PMMA/MoS2 covers only 

the selective area of four cantilevers where the Wheatstone bridges are located, and at the 

right panel, we could see the transferred MoS2 showing crack-free uniform coverage on the 
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first layer of SU8. This method provides a material-saving strategy and could be possibly 

scaled-up using a robotic machine with precise alignment control. 

The entire cantilever with its chip body is composed of several layers of SU8, which is 

exposed to several thermal cycles. During the development of the fabrication process, the 

adhesion between SU8 and the silicon wafer, and also the adhesion between the gold metal 

traces and SU8 layer were the main challenges we faced. In Figure 5-5(a), the optical image 

shows multiple cantilevers on a silicon wafer after developing the SU8 chip body in PGMEA 

(SU8 developer) and before the chip release, indicating partial delamination of the SU8 layers 

mainly above the Wheatstone bridge circuits. We attributed this problem to the internal 

stresses of the thick SU8 chip body, with a total thickness of 100µm+ 200µm in this case.  

Reducing the chip body thickness from 300µm to 150µm caused an improvement as shown in 

Figure 5-5(b).  

As the total thickness of the chip body was lowered from 300µmto 150µm, the 

delaminated region significantly diminished, but still remained at the front-end of the devices.  

Applying O2 plasma treatment with MoS2 channel protected under a photoresist mask 

could generally make the surface bond with the top SU8 layer better. By implementing this 

strategy, the delamination issue has been solved as exhibited in Figure 5-5(c), from which no 

clear color contrast is observed over the entire wafer.  

In order to release the devices, first, we attempted top release KOH (40 wt%) silicon etch 

at a mild temperature of 60°C. Due to the slow lateral etching rate, hours of immersion was 

required. The long period not only delays the process but also causes damage to the circuit 

layer due to the penetration of KOH into the interface as shown in Figure 5-6(a). As an 

alternative, a sacrificial layer composed of 5nmCr, 50nmAu and 20nmCr was deposited on 

the silicon wafer before the fabrication of cantilevers and Cr etchant (Cr-14), was used to etch 

the Cr layer to release the cantilevers. The first thin layer of Cr is used to improve the 

adhesion, and the layers of Au and Cr on top behave as the cathode and the anode in an 

electrolyte environment due to the big difference in their electronegativity, inducing an 

internal battery. The induced voltage provides an extra driving force to the reactant at the 

interface where etching occurs [143]. A Cr-etchant released cantilever is shown in Figure 

5-6(b), where there is no damage observed either on the SU8 or the Wheatstone bridge, 

indicating a superior solution. 
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Figure 5-5 Toward fixing the delamination issues. (a) Severe delamination of SU8 mainly due to internal stresses 
induced during thermal cycles. In the optical image on left, the small gray region is the only part with good 
adhesion, and the rest is where the delamination occurred. The schematic shows how internal stress causes the 
delamination. (b) The results after reducing the total thickness of the chip body from 300µm to 150µm where the 
delaminated region is largely reduced; the red loop in the right picture indicates the still delaminated region of a 
single device. (c) The results after implementing both strategies of thickness reduction and adhesion enhancement 
through O2 plasma activation. No clear delamination is optically observed in this case. 

 
Figure 5-6. Two different release methods for the SU8 cantilevers; the schematics and the optical images of the 
released cantilevers through (a) KOH and (b) sacrificial layer methods. 

5.4 Conclusion  

In this work, we integrated MoS2 piezoresitors with our previously developed SU8 

cantilevers. The high mechanical flexibility of atomically thin MoS2 piezoresistors prevents 

local stiffening (and hence reducing the deflection sensitivity) at the base of the cantilevers 

where the sensing elements are placed. In addition, the high gauge factor of the MoS2 
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piezoresistors can fundamentally increase the deflection sensitivity of the self-sensing SU8 

cantilevers. Although, this high gauge factor is accompanied with the high electrical resistance 

(in the range of 100s mega ohm) of the MoS2 piezoresistors. Hence the signal to noise ratio of 

the deflection signal reduces dramatically.  

In order to develop functional MoS2 based SU8 cantilevers for AFM applications, we are 

required to reduce the resistance of the MoS2 piezoresistors, for example by means of surface 

doping. 
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Chapter 6 

6. Air and water-stable n-type doping and encapsulation of 

MoS2 flexible devices with SU8 

During the fabrication of self-sensing SU8 cantilevers based on MoS2 piezoresistors 

(described in chapter 5), we noticed that the electrical resistance of the MoS2 piezoresistors 

was reduced after SU8 coating. This was an appealing behavior since the high electrical 

resistance of the MoS2 strain sensors restricts its application in high-resolution MEMS 

devices. This chapter discusses our performed measurements to study this observation and 

the achieved results. This work was carried out in collaboration with Prof. Andras Kis group 

at EPFL (LANES), and my contribution was primarily designing the experiments. 

This is a copy of an article:  

Kung YC*, Hosseini N*, Dumcenco D, Fantner GE, Kis A. Air and Water‐Stable n‐Type 

Doping and Encapsulation of Flexible MoS2 Devices with SU8. Advanced Electronic 

Materials. 2019 Jan; 5(1):1800492. 

*Yen-Cheng Kung and Nahid Hosseini contributed to this equally. 

 

6.1 Abstract 

Favorable mechanical and electrical properties motivate the use of 2D semiconductors in 

flexible electronic devices. One of the main challenges here is the absence of a practical doping 

strategy which should provide air-stable, tunable doping levels in a process with a low thermal 

budget. Here, we show that SU8, an epoxy-based photoresist, can be used for non-degenerate 

n-type doping of monolayer MoS2. The doping level can be finely tuned via low-temperature 

annealing. Our doping method exhibits good ambient stability. The high degree of 

mechanical flexibility and low processing temperature also allows the integration of SU8 

coating with flexible MoS2 FETs, where it can provide both controllable doping and act as an 

encapsulation layer. The demonstrated stability of the devices to bending and exposure to 
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water confirms the attractiveness of using SU8 in flexible electronic devices based on 2D 

semiconductors in a simple, versatile and scalable approach. 

6.2 Introduction 

Layered transition metal dichalcogenides (TMDCs) are receiving resurgent interest due to 

their interesting physical and chemical properties [144]. Their potential applications cover a 

wide range, including electronics [145], optoelectronics, [146], [147] NEMS, [148] spin-

valleytronics [149], and catalysis [150]. MoS2 is the most widely studied semiconducting 

TMDC, in part due to its high stability. Its semiconducting nature and ultrathin body allow 

the realization of field-effect transistors with a large on-off ratio [145] while the atomic scale 

thickness can suppress short-channel effects at aggressively scaled gate lengths [151], [152]. 

Favorable mechanical properties, with a high fracture strain of at least 10% [153] make MoS2 

and other 2D semiconductors good candidates for applications in flexible electronic devices 

and circuits [154]. 

However, several technical challenges need to be overcome before flexible devices based 

on 2D materials become widely available. Among them, a stable and controllable doping 

method that is compatible with flexible substrates and low processing temperatures should be 

developed. Strategies based on exposure to plasma, intercalation and implantation were only 

demonstrated on multilayer MoS2 [155]–[157] which is less interesting for optoelectronic 

applications due to its indirect bandgap. Substitution doping with for example Rhenium or 

Niobium during CVD growth result in doping levels that cannot be modified after growth 

and are difficult to implement locally and selectively [158], [159]. Chemical doping on the 

other hand, can be easily implemented due to the large surface to volume ratio of 2D 

materials [71]. Various molecular surface doping methods based on wet chemical treatment 

have been widely explored, but most of them are not air stable and are difficult to control 

[160]–[163]. While doping strategies based on functionalizing 2D materials with noble metal 

nanoparticles offer air stability, they do not result in good uniformity [164], [165]. Stable and 

controllable doping could be achieved using Cs2CO3 thin films by varying the film thickness 

[68] or  phosphorus silicate glass (PSG) substrates through thermal and optical activation 

[166]; however, brittle Cs2CO3 films and PSG substrates are not suitable for flexible 

electronics. So far, a practical technique for achieving air-stable and controllable doping of 

MoS2 using materials and processes that are compatible with flexible electronics is missing. 

An effective encapsulation layer with good gas barrier performance is another key enabler 

for flexible devices based on MoS2 and other 2D semiconductors. It is well known that the 

performance of MoS2 FETs degrades in air due to surface adsorption of O2 and H2O [167]–
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[169]. Al2O3, HfO2 and other high-k inorganic dielectrics have been commonly used as 

encapsulation layers for layered 2D devices [170], [145]. However, their brittleness makes 

them undesirable for applications in flexible electronics, where the encapsulation layer usually 

experiences the highest strain under bending. Hexagonal boron nitride (h-BN), a layered 

insulating material, is a promising candidate for encapsulation of other 2D materials due to 

the clean and smooth interface free of dangling bonds, but encapsulation is performed using a 

material transfer process which has so far been restricted to laboratory scale [171]–[173]. 

We propose using SU8 as a solution to these issues. Here, we demonstrate that SU8 can 

provide air-stable and controllable doping while at the same time acting as a gas and water 

barrier encapsulations layer, just like in the case of CNT and graphene devices [174], [175]. Its 

mechanical flexibility and low processing temperature also make it compatible with flexible 

electronics. We show that the doping level can be easily tuned by simply extending the 

polymer baking time. We also fabricate flexible MoS2 transistors that can be submerged in 

water for extended periods of time thanks to the protective SU8 coating while also being able 

to withstand bending to over 100 cycles of mechanical deformation.   

6.3 Results 

6.3.1 Doping of MoS2 field effect transistors using SU8 

We first evaluate the doping effect of SU8 on MoS2 using bottom-gated field effect 

transistors fabricated on SiO2/p++ Si substrates, Figure 6-1(a) and (b). Devices were 

characterized before and after SU8 coating followed by a soft-bake process, with the transfer 

characteristic shown on Figure 6-1(c). We find a large increase in on-current and a negative 

shift of the threshold voltage which is the result of n-type doping.  

 

 
 

Figure 6-1 Bottom-gated monolayer MoS2 FET with SU8 coating. (a), Schematic of the device with an SU8 over 
layer. (b) Optical image of the device before applying SU8, scale bar is 5 µm. (c) Transfer characteristic of the MoS2 
FET before and after SU8 deposition. Inset: logarithmic-scale plot of the transfer characteristic. 
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The extracted carrier concentration of the doped MoS2 is 2.4×1012 cm-2, which is at a non-

degenerate doping level as reflected by the preserved off-state current, Figure 6-1(c) inset. 

Previous reports of chemical doping of MoS2 cover a wide range of doping levels, from ~1010 

to ~1013 cm-2, with a large variation resulting not only from different doping strategies but also 

intrinsic MoS2 properties, the flake thickness and the interface charge state densities [166], 

[170]. 

The increased carrier concentration resulting from the n-type doping by SU8 reduces both the 

sheet resistance (Rs) and the Schottky barrier height between the metal contact and MoS2, 

resulting in smaller contact resistance Rc. Measurements on four-terminal devices (Figure 6-2 

(a) and (b)), show that both Rs and Rc are reduced by more than one order of magnitude after 

SU8 doping. 

 

 
Figure 6-2 Effect of tunable SU8 doping on monolayer CVD-MoS2. (a) and (b), Sheet resistance and contact 
resistance of the MoS2 FET before and after SU8 doping. (c) Raman spectrum of A1g and E2g peaks of a CVD-MoS2 
single crystal before and after SU8 doping. (d) Transfer characteristic of an MoS2 FET with SU8 doping. The device 
was annealed at 330 K with different baking times. Inset: log-lin plot of the transfer characteristic. (e), Tuning 
carrier concentration of the SU8 doped MoS2 with baking time. The carrier concentration decreases monotonically 
with increasing baking time. 
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6.3.2 Raman spectroscopy of monolayer MoS2 doped using SU8 

Raman spectroscopy was performed to observe the effect of SU8 on MoS2. We have 

carried out measurements before and after SU8 coating on the same monolayer CVD-MoS2 

single crystal transferred onto a SiO2/Si substrate. Raman-active A1g and E2g modes are 

commonly used as indicators of MoS2 thickness and carrier concentration [176], [177]. The 

Raman spectrum showing A1g and E2g modes of monolayer MoS2 before and after SU8 coating 

is presented in Figure 6-2(c). The Raman shift difference between A1g and E2g peaks is 

18.65cm-1 for our monolayer MoS2 flake, which matches the reported value for monolayer 

MoS2 in the literature [176]. After SU8 doping, the position of the E2g peak does not change 

and the position of the A1g peak shifts from 404 cm-1 to 402.8 cm-1. The linewidth of the E2g 

peak does not change while the line-width of the A1g peak increases from 5.5 cm-1 to 6.81 cm-1. 

The softening and broadening of the A1g peak are the signatures of n-type doping of MoS2 

flakes, consistent with a previous report on the effect of electrostatic doping [177] on the 

Raman spectrum of MoS2, further confirming that SU8 induced n-type doping SU8. 

6.3.3 Controlling the doping level by low-temperature annealing 

Controllable doping methods are essential for practical applications. Various strategies for 

tuning the doping levels within different ranges of doping have been reported in the literature. 

For methods based on wet chemistry, typical ways of tuning the doping level are based on 

controlling the exposure time to the doping agent and using solvents to remove the 

physisorbed molecules gradually. For example, Kiriya et al. reduced the doping from 

degenerate to non-degenerate levels by using toluene to remove Benzyl Viologen molecules, a 

process which required two days of immersion in toluene in order to realize the full tuning 

range [72]. Doping resulting from exposure to (2-Fc-DMBI)2, potassium, 1,2 dichloroethane, 

p-toluene sulfonic acid and hydrazine have been tuned by altering the exposure time in the 

range from seconds to hours [178], [179], [70], [162]. Apart from doping that involves wet 

chemistry, increasing the thickness of Cs2CO3 capping layers was also found to result in the 

monotonic increase of the doping level in the MoS2 [68]. Thermal and optical activation of 

PSG doping on MoS2 provides a wide range of doping level modulation between 3.6×1010 and 

8.3×1012 cm-2, but the process requires high-temperature treatment at up to 900°C [166]. Here, 

we provide a suitable solution for controllable doping on flexible MoS2 devices, by taking into 

consideration that the ideal process should involve low temperatures while preserving 

mechanical flexibility and air stability. With SU8 treatment, the doping level of MoS2 can be 

tuned by low-temperature annealing which does not damage the plastic substrates. We 

demonstrate the ability to tune the doping level by comparing device characteristics before 

and after the annealing treatment performed at 330 K for 5 min on SU8-coated MoS2 FETs. 
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This annealing treatment was repeated up to a total baking time of 30 min and all the 

measurements were performed at room temperature, Figure 6-2(d). The transfer 

characteristic of the device shifts towards positive Vg with increasing baking time, reflecting 

decreasing electron concentration. The corresponding n-type doping level decreases 

monotonously from 1.07×1012 cm-2 to 1.24×1011 cm-2, Figure 6-2(e). Details of the extraction of 

carrier concentration are described in the supplementary section 1. Our strategy involves a 

low energy cost and high production efficiency considering the low-temperature treatment 

and short annealing time used in the tuning process. Furthermore, compared to the chemical 

treatment methods, thermal activation generally results in a higher degree of process 

uniformity and simplicity. 

6.3.4 Stability of SU8 doping in air and in deionized water  

Long-term stability of the doping level is a basic requirement for practical applications. 

Aging of the doping source itself and the influence of the environment due to O2 and H2O 

adsorbates [178]–[180] are the two main sources of instability. In our case, exposing uncoated 

monolayer MoS2 FETs to air, results in a decrease of the on-current by a factor of more than 3 

within 35 minutes of devices being removed from vacuum (see supplementary information: 

6.7.2, Comparison of device performance with and without SU8 encapsulation). On the other 

hand, SU8-coated devices demonstrate good gas barrier properties of SU8 by showing nearly 

no difference in device performance between air and vacuum (Supplementary information, 

Figure 6-8). Going further, we demonstrate longer-term air stability by exposing the device to 

air for 233 hours and finding only minor changes in the transfer characteristic, as depicted in 

Figure 6-3(a) and (b).  

Encouraged by the favorable gas barrier properties, we further investigate water resistance 

of the SU8 layer. Bottom-gated flexible MoS2 FETs on polyimide substrates were fabricated 

and coated with a 1 µm thick SU8 doping and encapsulation layer. The devices were kept in 

D.I. water for over 65 hours. The device performance was periodically measured after 

removing the sample from the water and drying it with N2. As shown in Figure 6-3(c), both 

the on and off-state currents remained stable. Future work and optimization of SU8 

deposition may result in an even better long-term stability while extending the study to saline-

containing solutions could extend the field of applications to flexible electronic implants. 
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Figure 6-3 Stability of SU8-doped MoS2 FETs. (a) The evolution of the transfer characteristic for an SU8-doped 
MoS2 FET kept in air over 9 days. (b) The variation of on and off currents for the MoS2 FET with SU8 doping over 
9 days in air. (c) The variation of on-current and off-current for a flexible MoS2 FET with SU8 doping after 
submersion in D.I. water for over 65 hours. For each measurement, the device was removed from water and dried 
using an N2 gun. 

 

6.3.5 Integration of SU8 with flexible MoS2 field effect transistors  

The high degree of mechanical flexibility and favorable electronic properties make MoS2 

and semiconducting TMDCs attractive materials for the realization of flexible FETs [180], 

[181]. The low glass transition temperature of flexible polymer substrates used for the 

realization of such devices makes  temperature a critical process parameter. SU8 is interesting 

in this context as a thermally tunable dopant with a relatively low processing temperature of 

less than 130 °C. There is an additional need to develop a scalable encapsulation method for 

flexible MoS2 transistors which could also solve the buckling issue observed in flexible MoS2 

devices under bending [181]. Our promising results on the stability of SU8-coated MoS2 

devices on rigid substrates motivate the integration of SU8 into flexible devices. The 

simplified process flow and the image of the device are shown in Figure 6-4 (a) and (b). The 

use of a 10µm thick polyimide substrate together with a 1µm SU8 encapsulation layer results 

in lightweight and easy bendable device (Figure 6-4 (c)). In Figure 6-4 (d) and (e) the 

consistent shift of the transfer characteristic curves towards the direction of negative gate 

voltages on multiple devices realized on the same chip reflects the good uniformity of the 

SU8-based doping method. The resilience of devices to bending was tested by applying strain 

along the direction of current flow through the channel. We first measure the devices in the 

flat state, and then bend them to a radius of 10 mm. We electrically characterize the device 

after releasing the strain and repeat the cycle 50 times. This is followed by an additional test 

run where we bend the device 50 more times to a radius of 7.5 mm. The uniaxial strain 

applied onto MoS2 was estimated to be 0.048% and 0.064% for the bending radius of 10 mm 

and 7.5 mm respectively. 
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Figure 6-4 (f) and (g) show the evolution of the transfer characteristic curve of the FET 

device undergoing the bending test. We observe a positive and saturating shift of the transfer 

characteristic curve over multiple bending cycles. The off-current remains stable during the 

mechanical test, while the on-current showed a gradual decrease during the initial part of the 

test, reaching a stable level later on, Figure 6-4 (h). Overall, the devices show a stable on-off 

current ratio with changes of less than an order of magnitude over 100 bending cycles, 

similarly to other reports [182]–[184].  

The transfer characteristic of a device under strain is shown in Figure 6-4 (i). The 

measurement was performed after the multiple bending test in order to guarantee a stable and 

repeatable reference point for the relaxed state of the device. The data shown for the relaxed 

state is the average of the values before and after bending. The drain-source current is higher 

under a smaller bending radius, where a larger strain is applied to MoS2. While expecting a 7% 

and 9% increase in current for a bending radius of 10 and 7.5 mm respectively from the 

piezoresistive effect in MoS2 [65], we find a stronger increase of 49% and 63% at Vg = 40V. 

This could be explained by different doping levels in our case and also a possible reduction in 

the contact resistance under strain. 

6.4 Conclusion 

In conclusion, we demonstrate n-type doping of monolayer CVD-MoS2 induced by SU8 

on monolayer CVD-MoS2 with four-terminal electrical characterization and Raman 

spectroscopy.  

The doping level can be fine-tuned using low-temperature annealing at 330K. Also, 

devices with SU8 encapsulation also show good air stability over a period of more than 9 days 

and good water resistance for more than 65 hours. The low-temperature process and good 

barrier properties make SU8 an attractive material for encapsulating and doping flexible MoS2 

devices. We have realized flexible MoS2 FETs with SU8 encapsulation on 10µm polyimide 

with devices showing only minor changes in performance after 100 cycles of bending. This 

study paves the way for the end-use of flexible MoS2 FETs. 
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Figure 6-4 Flexible MoS2 FETs on polyimide substrate with SU8 coating as the doping source and the 
encapsulation layer. (a) The schematic and the simplified process flow for the fabrication of flexible MoS2 FETs 
with an SU8 coating. (b) Optical image of the device. The scale bar is 500 µm. Inset: optical image of a single 
device. The scale bar is 25µm. (c) Photograph of flexible devices under bending. (d) and (e) Transfer characteristic 
for multiple flexible MoS2 FETs before and after SU8 doping measured in air and shown on logarithmic and linear 
scales. The drain-source voltage is 100 mV. (f) and (g) The evolution of the change of the transfer curve of a 
flexible MoS2 FET over multiple bending cycles in log and linear scale. The device was first bent 50 times to a 10 
mm bending radius, followed by bending to a 7.5mm bending radius for 50 times. (h) The change of on-current, 
off-current and on-off ratio of four different devices, represented in different colors, over multiple bending cycles. 
i, The transfer characteristic curve of a device measured in the relaxed state and under bending. The measurement 
is performed after the bending test presented in parts f and g. 

6.5 Methods 

6.5.1 Fabrication of monolayer CVD-MoS2 FETs on SiO2/Si substrates 

Monolayer CVD-MoS2 was grown on c-plane sapphire substrate [185]. The film was 

transferred using PMMA A2 (MW = 950k, MicroChem), which was spin-coated on 

MoS2/sapphire sample at 1500 rpm without baking. The coated sample was placed in a 

vacuum desiccator overnight to remove the solvent. The PMMA/MoS2 film was released from 

the sapphire substrate by immersing the sample in 30%w.t. KOH at 75°C for 30 min. The film 

was then rinsed using D.I. water and picked-up with the SiO2/Si substrate. The thickness of 
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SiO2 is 270 nm. After drying the sample on a hotplate at 75°C, the sample was kept in acetone 

overnight to remove the PMMA. Annealing in furnace with gas flow of 100 sccm Ar and 10 

sccm H2 at 350°C for 8 hours was used to remove the PMMA residue. Electron beam 

lithography was used to pattern the metal contact and the etching mask. MMA EL6 (4000 

rpm, 180°C, 5 min) and PMMA A2 (1500 rpm, 180°C, 5 min) double layer resist was used as 

an e-beam resist. 85nm Au and 5nm Ti was deposited by e-beam evaporation and the lift-off 

was done in acetone. Ti layer was used for improving the adhesion of SU8 to the devices. The 

sample was annealed for the second time in the furnace under a gas flow of 100 sccm Ar and 

10 sccm H2 at 250°C for 8 hours. MoS2 channel was defined by O2 plasma etching followed by 

acetone cleaning and device annealing with the same recipe to remove the residue of the resist. 

For devices doped with SU8, the SU8 solution was drop-cast on top of the transistors, 

followed by soft basing in an oven. Samples were heated up with a ramp rate of 2°C/min from 

30°C to 130°C, maintained at 130°C for 5 min and cool-down with the same rate. 

6.5.2 Fabrication of flexible CVD-MoS2 FETs on polyimide substrate  

10 µm polyimide (PI2611, HD MicroSystems) was spin-coated on an Si wafer at 1200 rpm 

for 45 s with a ramp rate of 100 rpm/s. The sample was soft-baked on a hotplate at 120°C and 

hard-baked in an  oven with N2 flow at 300°C. Bottom gate (5nm Cr and 50nm Al) was 

deposited using an e-beam evaporator through shadow masks. A 200 nm thick parylene-C 

layer was deposited using chemical vapor deposition and used as the gate insulating layer. 

CVD-MoS2 was transferred with the same method a mentioned above onto the parylene-C 

surface. The sample was immersed in acetone overnight and annealed in a furnace with a 200 

sccm Ar flow at 200°C for 4 hours to remove the PMMA residue. Contact electrodes were 

formed using the same method as in the fabrication of devices on SiO2/Si substrate 

mentioned above. SU8 layer 1 µm thick of (GM1040, Gersteltec sàrl) was spin-coated, 

followed by soft-bake, exposure and post-exposure bake. Finally, the polyimide substrate with 

fabricated devices on top was peeled-off from the silicon support manually. 

6.5.3 Electrical Measurement of MoS2 FETs  

Electrical characterization was carried out using Agilent E5270B, National Instruments 

DAQ cards, SR570 current preamplifiers and SR560 low noise voltage preamplifiers. 

6.5.4 Raman Spectrum Measurement of MoS2 Flakes  

Raman spectrum of CVD monolayer MoS2 was measured using a Renishaw inVia Reflex 

Raman Confocal microscope with 532 nm laser source and grating of 1800 gr/mm. 
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6.5.5 Calculation of Neutral Plane and strain of Flexible Devices  

In a multilayer system, there are n layers where the bottom layer is the first layer. Then the 

distance y between neutral plane and bottom surface of the first layer is given by 𝑦𝑦 =

𝐸𝐸!𝑡𝑡! 𝑡𝑡! −
𝑡𝑡!
2

!
!!! 𝐸𝐸!𝑡𝑡!!

!!!
!
!!!  [186]. Ei and ti are the Young’s moduli and the thickness 

of each layer. For the flexible MoS2 FETs, the stack is composed of 10µm polyimide, 5 nm Cr, 

50 nm Al, 200 nm parylene-C, 0.7 nm MoS2 and 1 µm SU8. The Young’s moduli are Epolyimide = 

8.5GPa, ECr = 279 GPa, EAl = 70 GPa, Eparylene = 2.8 GPa, EMoS2 = 270 GPa and ESU8 = 2.92 GPa. 

The calculated y and the distance between MoS2 and the neutral plane are 5.48 µm and 4.77 

µm respectively. The equation ε = d/R was used to calculated the strain applied onto MoS2 

with ε the applied strain, R the bending radius and d the distance between MoS2 and the 

neutral plane of the sample. 
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6.7 Supplementary Information  

 
Figure 6-5 MoS2 FET conductance σ plotted as a function of (Vg−Vth) for different annealing periods showing a 
good fit to the expression σ~(Vg-Vth)2 at overdrive voltages above 20 V. 

The extraction of carrier concentration N2D at zero gate voltage is based on the expression 

N2D = Cox(Vg −Vth)/e where Cox is the capacitance per unit area for the 270 nm thick SiO2 and 
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Vg is the gate bias voltage. Vth is the threshold voltage extracted from the intersect of σ0.5 vs. Vg 

since σ ~ (Vg-Vth)2 when scattering from charged impurities is the dominant scattering 

mechanism. At large carrier concentrations, charged impurities are screened and the 

conductance is proportional to the charge density n [187]–[189].  

 

6.7.1 The SU8 doping effect in vacuum and inert atmosphere 

 
Figure 6-6 The SU8 doping effect under vacuum condition. (a) Transfer characteristics of an MoS2 FET measured 
in vacuum after vacuum annealing, in Ar environment after SU8 doping followed by measurement in vacuum. (b) 
The change of the threshold voltage of multiple devices under different experimental conditions. 

In order to remove the influence of water and oxygen adsorbents, which could mask the 

doping effect of SU8, we have also performed the following experiment using two-terminal 

bottom-gated MoS2 FETs. First, we characterize the device in vacuum (5×10-7 mbar) after 

annealing in vacuum at 140°C for 12 hours. The chamber is then sealed with a manual valve, 

disconnected and transferred into an Ar-filled glovebox. The device is removed from the 

chamber and doped using SU8. The device is kept in an Ar environment for the second 

measurement. The device is then transferred back into the vacuum chamber without exposing 

it to the atmosphere and a third measurement is performed in vacuum. Figure 6-6(a) shows a 

typical set of transfer characteristics for a device characterized in these three different 

conditions. We can clearly see the SU8 n-type doping effect by comparing the transfer 

characteristic curve before and after SU8 coating. On current increased and the threshold 

voltage shifted to negative voltages after SU8 doping. The same trend was observed in 

multiple devices as shown on Figure 6-6(b) where we plot the threshold voltage change ΔVth. 

Ten out of eleven devices we tested showed a clear negative shift of threshold voltage after 

SU8 doping, indicating the n-type doping effect. The variation of the voltage shift could be 

caused by variations in the adhesion of SU8 on MoS2.  
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6.7.2 Comparison of device performance with and without SU8 encapsulation 

The performance degradation of the device without encapsulation under ambient 

condition is shown in Figure 6-7. The gate voltage sweep started right after the device was 

exposed to air following annealing in vacuum. With each consecutive sweep, we can clearly 

see a drop in the current. Within 35 min, the on-current at a gate voltage Vg = 60 V decreased 

by more than a factor of 3 due to adsorption of atmospheric O2 and H2O on the MoS2 surface 

[167], [190], [191]. 

 
Figure 6-7 The performance degradation of a bottom-gated MoS2 FET without SU8 encapsulation under ambient 
condition. (a) Consecutively measured transfer characteristic curves of a MoS2 FET right after exposure to air from 
vacuum. (b) The evolution of the on-current recorded in air at Vg = 60 V. 

 

The MoS2 FET coated with SU8 was measured in air and vacuum, and the transfer 

characteristics show negligible difference between the two conditions, proving that the SU8 

layer can effectively block the influence of air on MoS2. 

 

 
Figure 6-8 The transfer characteristic for an SU8-coated MoS2 FET measured in air and under vacuum (1×10-6 
mbar). 
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Figure 6-9 Water resistance of flexible MoS2 FETs encapsulated with SU8. The figure shows the evolution of the 
transfer characteristics of the flexible device after having been submerged in water for a cumulative duration of 
over 65 hours. The device was taken out of the water and gently dried with N2 gun before each measurement, after 
which it was returned to water. 
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Chapter 7 

7. A monolithic MEMS position sensor for closed-loop high-

speed atomic force microscopy 

In parallel with my research on the AFM cantilevers, I also worked on the implementation 

of a closed-loop AFM piezotube scanner based on a monolithic MEMS displacement sensor. 

Such a closed-loop scanner works based on measuring the real trajectory of the scanner with 

the displacement sensor and then comparing it with the desired trajectory through a 

proportional-Integral (PI) controller. Reshaping the drive signal of the piezotube via the PI 

controller then compensates the nonlinearities of the piezotube scanner. Due to the small 

mass of our employed displacement sensor, we were able to integrate it into our home-built 

high-speed scanner. 

In this work, I have developed the instrumentation (sensor integration, LABVIEW FPGA 

code, analog electronics and interfaces) for controlling the closed loop system. I also 

recovered our home-built high-speed scanner and made the required interfaces. I acquired all 

of the AFM images and performed all the data analysis. Finally, I have written the paper 

including the composition of the figures.  

This is a copy of an article:  

Hosseini N, Nievergelt AP, Adams JD, Stavrov VT, Fantner GE. A monolithic MEMS position 

sensor for closed-loop high-speed atomic force microscopy. Nanotechnology. 2016 Feb 

22;27(13):135705. 
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7.1 Abstract 

The accuracy and repeatability of atomic force microscopy (AFM) imaging significantly 

depend on the accuracy of the piezoactuator. However, nonlinear properties of piezoactuators 

can distort the image, necessitating sensor-based closed-loop nano-manipulators to achieve 

high accuracy AFM imaging.  The advent of high-speed AFM has made the requirements on 

the position sensors in such a system even more stringent, requiring higher bandwidths and 

lower sensor mass than traditional sensors can provide. In this paper, we demonstrate a way 

for high-speed, high-precision closed-loop AFM nanopositioning using a novel, miniaturized 

MEMS position sensor in conjunction with a simple PID controller. The sensor was 

developed to respond to the need for small, lightweight, high-bandwidth, long-range and sub-

nm-resolution position measurements in high-speed AFM applications. We demonstrate the 

use of this sensor for closed-loop operation of conventional as well as high-speed AFM 

operation to provide distortion-free images. The presented implementation of this closed-

loop approach allows for positioning precision down to 2.1Å (within 22.9kHz measurement 

bandwidth), reduces the integral nonlinearity to below 0.2%, and allows for accurate closed 

loop imaging at line rates up to 300 Hz. 

7.2 Introduction 

Piezoelectric actuators are extensively used in a variety of scanning applications such as 

scanning tunneling microscopes (STMs) and atomic force microscopes (AFMs) to move a 

sample or probe with nanometer resolution [192], [193]. However, nonlinear behavior of 

piezoactuators, such as hysteresis, creep and thermal drift, significantly affects positioning 

precision and results in image distortion[75], [76]. 

To account for these nonlinearities, two general types of control approaches are used: 

open-loop feed-forward input shaping or closed-loop feedback systems. In the first case, the 

appropriate piezo drive signal to linearize the motion of the scanner is calculated from a 

mathematical model [194]–[197]. This is a well-known and simple approach to control the 

drive signal, but linearization is often not perfect, since hysteresis is scan-size and scan-speed 

dependent. 

Closed-loop feedback systems can address hysteresis, creep and drift and have therefore 

become the preferred method to reduce the nonlinearity of piezoactuators [198]–[202], as 

thoroughly discussed in a review paper by Fleming [78]. By comparing the real position 

(measured by a low-noise, precise position sensor) with the demanded position, a closed-loop 

real-time controller compensates the errors between the two trajectories.  However, accurate 



 

 

79 

and timely measurement of the real position is required for adequate tracking performance. 

Depending on the performance of the position sensor and the implementation, closed-loop 

feedback can otherwise add additional noise, introduce additional nonlinearities or cause 

phase loss. Much work has been done to develop long-range, high-resolution, high-

bandwidth, and highly linear position sensors. Nevertheless, combining all these properties in 

a single sensor is a challenging task [207], and therefore a tradeoff has to be made based on 

the particular application. Position sensors that have been used for nanopositioning 

applications include capacitive sensors [81], linear variable differential transformer (LVDT) 

[204], piezoresistive and piezoelectric strain gauge [205], [206], optical [82], interferometry 

[83], electrothermal [207] and giant magnetoresistance (GMR) [208] sensors. Each of these 

sensor types has relative strengths and weaknesses for nanopositioning applications. Optical 

sensors provide high-resolution and high- bandwidth positioning capability but often require 

expensive components [78]. Non-optical sensors like capacitive sensors have high bandwidth 

and good resolution but have internal nonlinearity, which requires additional nonlinearity 

compensation [78]. Resistive strain gauges are simple and low cost, and can be bonded into 

the actuator, however the temperature sensitivity and nonlinearity need to be considered [78]. 

LVDT sensors provide high-resolution, large-range and linear positioning but suffer from a 

low bandwidth [204]. GMR sensors may provide high-bandwidth and high-resolution 

position sensing, but cannot be used in applications where magnetic fields can deteriorate 

imaging accuracy. 

While these sensors perform well for normal-speed AFM, most are expensive, require 

non-negligible forces, and/or add a significant amount of moving mass to the scanner. This 

added mass is an especially severe problem for high-speed AFMs, since the moving mass 

determines to a large extent the structural resonances and therefore the maximum achievable 

scan speed [209]. In this work, we present a small, lightweight and batch-fabricated micro- 

electro-mechanical system (MEMS) position sensor [210] implemented in closed-loop 

configuration in a standard as well as a high-speed AFM. This MEMS sensor uses mechanical 

deamplification flexures to adapt the sensor dynamic range to the scan-range of the scanner. 

These flexures are fabricated with sidewall-embedded piezoresistors for position sensing. The 

sidewall-embedded piezoresistors are inherently matched and result in intrinsic thermal 

stability as well as high sensitivity. These properties, combined with the low stiffness and low 

mass of the MEMS sensors, are essential to achieving the high resolution, low drift and high 

bandwidth of the closed-loop AFM scanner presented in this work.  
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7.3 Experimental setup and controller implementation  

7.3.1 Sidewall piezoresistive position sensor 

Closed-loop positioning performance depends considerably on the position sensor as the 

measuring device. To reduce the tracking error, the resolution, bandwidth and linearity of the 

sensor are primary concerns. Many SPM applications also require a relatively large range of 

motion (up to hundreds of micrometers), which is often achieved with a reduced resolution of 

the position sensor. In addition, the sensor should have high mechanical sensitivity and small 

thermal sensitivity for accurate measurement.  

The presented piezoresistive MEMS strain sensor is based on recently developed sidewall-

doped piezo-resistive strain sensors with mechanical deamplification for extended ranges 

[210]. Figure 7-1(a) illustrates the layout of one of the position sensors with 500μm range of 

motion; 
  

 

 
Figure 7-1- (a) Optical image of the 500μm-range MEMS sensor. When R1 and R4 get compressed, R2 and R3 get 
elongated when the moving part moves upwards and vice versa. (b) Optical image of the sidewall piezoresistor 
100μm MEMS sensor. (c) SEM image of one lever and two sidewall piezoresitors. (d) Instrumentation amplifier 
based readout and compensation offset for the resistor mismatch. The bridge bias voltage is 2 V. (e) Linearity 
measurement of the 500μm position sensor. 

It comprises an outer frame and two compliant cantilevers with sidewall piezoresistors. 

Each cantilever is connected to the stationary and moving parts of the frame via a spring, 

which transduces the displacement of the moving frame to a strain in the area of Boron doped 

sidewall piezoresistors. Figure 7-1(b) shows an alternative sensor layout with 100μm motion 

range, where the linear displacement is transferred to a bending motion of the modified 
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mechanisms. The sensor with 100μm scan range has higher sensitivity comparing to 500μm 

scan range sensor and provides better nanopositioning resolution. 

Four piezo-resistors are pre-wired on chip in a fully active (changes in the resistance of all 

four resistors cause a change in the output voltage) Wheatstone-bridge configuration, where 

R1 and R4 change equivalently as do R2 and R3. Figure 7-1(c) shows the electrical pathway in 

one lever with two sidewall piezoresistors. The piezo-resistors are placed at the base of the 

flexure where they experience maximum strain in the beam. The cantilever beam is narrower 

there so that additional stress concentration occurs at the points of the piezoresistors. 

The resistance change in the sidewall-embedded piezo-resistors is measured using 

Wheatstone bridge readout electronics based on a low-noise instrumentation amplifier 

(AD8222, Analog Devices, MA, USA); see Figure 7-1(d). In the case of any temperature 

change, these four resistors experience the same amount of difference and the Wheatstone 

bridge configuration compensates this undesired change. 

One of the fundamental factors for closed-loop operation is the linearity of the position 

sensor, as any deviation is mapped onto the controlled position. For instance, capacitive 

sensors are inherently non-linear, which requires further measurement and calculation to 

linearize the response [211]. To test the linearity of the 500µm MEMS position sensor, we 

compared the sensor response with the motion of a precision, commercial 3D closed-loop 

positioning stage, having a closed loop range of 82 µm, (TRITOR 102, Piezosystem Jena). The 

resolution of the positioning stage is specified at 2 nm. Figure 7-1(e) shows that the linearity 

of our 500µm position sensor tested over 82µm (the full range of the reference stage) is better 

than 0.15% full-scale range. 

7.3.2 Closed-loop implementation  

Piezotube scanners are very popular for AFM instruments, since they provide a large 

range of motion, have high resolution and can be easily used as 3D nanopositioners. The 

drawback of the tube design is its relatively low lateral stiffness, making the tube sensitive to 

the mass and loads that might be applied by position sensors. Because of their high mass, 

many types of conventional nanopositioning sensors are therefore not suitable for use with 

piezo tubes. The sensor presented in this paper is compact and lightweight, with high 

displacement sensitivity and has a very low stiffness, and thereby does not restrict the motion 

of the piezo tube. 

Here, we retrofitted a commercial 120µm sample scanner (J scanner, Digital Instruments, 

Santa Barbara, USA) with 500µm-range sidewall-embedded MEMS sensors for the X and Y-

axes respectively. In order to accurately position the sample, the position sensors are placed 

on top of the piezotube scanner as close as possible to the scanned sample. The moving part of 
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the sensor is attached to a PCB that is glued on top of the scanner, and the stationary part is 

attached to a thin ring that is mounted around the piezo-guard (see Figure 7-2(a)).  

Figure 7-2(b) describes the block diagram of the closed-loop implementation. A simple 

LabVIEW program is implemented on FPGA (NI CRIO 9074 FPGA). This program consists 

of two main modules, a PI module and a gain-shear correction module. The PI module: The 

measured sensor’s signal is compared with the low voltage drive signal from the AFM 

controller for each direction and a modified signal is sent to the piezoactuator. The gain-shear 

module: The two input signals to the PI controller need to have the same amplitudes, and 

therefore the gain correction is required prior to any subsequent step. Plus, any non-

orthogonally between X and Y displacements is corrected by modifying the sensor’s signals 

through shear correction as discussed in methods section 1. 

The PID controller is a premade module in LABVIEW FPGA. The controller’s gains are 

set manually and the maximum gain is found by increasing it on the brink of oscillations. For 

imaging, the gains are then reduced slightly to avoid feedback oscillation in the system. 

The PI controller compensates the error between the real position of the tube scanner and 

the triangular reference signal simultaneously. The output of the feedback is amplified by a 

high-voltage amplifier and provides linear, drift- and creep-free displacement of the piezo 

tube scanner. To mechanically protect the sensors and facilitate the imaging, a sample holder 

was glued on top of the sensors and scanner (see Figure 7-2(a)). 

The readout electronics are placed close to the sensors to minimize electrical noise pickup. 

Figure 7-2(c) displays the Multimode AFM, piezotube and the position sensor readout 

electronics. 

7.3.3 Implementation in a commercial AFM with a piezoelectric tube scanner 

In general, the non-ideal behavior of piezoactuators causes several kinds of artifacts in 

AFM imaging. Figure 7-3(a) demonstrates the position sensor response in open- and closed-

loop systems while a triangular trajectory was applied to the piezoactuator. As is clear in the 

figure, there is a lag between the response and reference signal in open loop. However, in the 

closed-loop system, the PID controller compensates the position deviation due to inherent 

hysteresis of the piezoactuator. 

To highlight this effect we overlaid two diagonally cropped images, one in open loop and 

one in closed loop. The nonlinearity caused by hysteresis in the slow scan axis is observable by 

comparing the image half taken while scanning downward with the one scanning upward in 

open loop (see Figure 7-3(b)). On the other hand, closed-loop scanning compensates the 

undesired mismatch between images and provides repeatable scanning (see Figure 7-3(c)).  

 



 

 

83 

 
Figure 7-2 (a) Schematic of the piezotube scanner and two position sensors. (b) Schematic of the closed-loop 
system.  (c) Multi Mode AFM scanner retrofitted with position sensors and readout electronics. 

In comparison with capacitive sensors, there is no inherent nonlinearity in the presented 

sensor [78]. Another problem with open-loop piezo actuation is creeping, in which the piezo 

responds to a rapid positioning step by moving only a certain percentage quickly and then 

approaches slowly the rest of the way to the desired position. 

 

 
Figure 7-3 Nonlinearity in open loop compared with closed-loop scanning. (a) Open-loop hysteresis and closed-
loop linear displacement of the piezotube scanner measured with the position sensor. (b) Two diagonally-stitched 
AFM images of a silicon calibration grating in open-loop scanning where the mismatch between two images is 
observed. (c) Two diagonally stitched calibration-grating images in closed-loop scanning where the mismatch 
between two images is removed. 

Creep in nanopositioners prevents accurate positioning when a sharp displacement is 

required, such as a scan offset. Figure 7-4(a) shows the creep in open-loop operation for a step 
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offset. We imaged a 10µm pitch square silicon grating while the slow scanning axis was 

disabled (resulting in a repeated scanning of the same line, visible in the image as vertical 

stripes). We then added a 56μm offset to the fast scan axis. The open-loop scanner only 

performs part of the desired offset directly and then approaches the full offset very slowly, 

resulting in the bent stripes in the image Figure 7-4(a). Closed-loop operation eliminates such 

image distortion arising from creep, but only as far as the sensor does not exhibit any creep by 

itself. Strain-gauge-based nanopositioning sensors are known in particular to suffer from 

creep due to the required adhesion layer between the strain gauge and its substrate. While our 

position sensor also operates on a strain gauge, the sensing element and the flexure substrate 

are one monolithic silicon MEMS device, and therefore only the flexure substrate is glued 

onto the moving/stationary parts (and not the sensing element). The stiffness of the flexure is 

also very low (3N/m), thereby adding no appreciable load to the piezo or its glue joints. Our 

closed-loop implementation therefore performs the 56µm-offset step without exhibiting any 

detectable creep (see Figure 7-4(b)). 

The lack of creep and the improved linearity of the closed-loop scanner allows for 

accurate zooming during AFM operation. Figure 7-4(c) demonstrates a 50μm scan size 

overview image with a dotted square depicting the chosen zoom area. The inset shows the 

zoomed in image showing exactly the chosen zoom area. 

 
Figure 7-4 Creep removal using a closed-loop system. (a) Nonlinear displacement of the piezoactuator according 
to 56µm applied offset in open loop due to creep. (b) Linear displacement of the piezoactuator according to 56µm 
applied offset in closed loop. (c) Creep compensation permits accurate zooming in AFM imaging. 

The achievable resolution of the positioning feedback system is influenced by the total 

noise of the position sensor over a given bandwidth [212]. The closed-loop resolution 

determines the distance between two distinguishable adjacent points and is defined in terms 

of the standard deviation of the positioning noise [213]. Nevertheless, there is a tradeoff 

between the positioning range, bandwidth and resolution of the position sensor [196]. To 

compare the lateral resolution in open- and closed-loop systems, we performed noise 

measurements in amplitude modulation AFM on a scanner equipped with the 100µm-travel-

range MEMS sensor. 

 



 

 

85 

 
Figure 7-5 Normal distribution of the lateral noise in open- and closed-loop systems. The 1σ resolutions are 0.9Å 
and 2.1Å in open and closed loop respectively. 

We used a sample of tilted mica, with the projected lateral noise calculated from the 

vertical amplitude signal in tapping mode (see Methods, section 2). The RMS values of the 

lateral noise in open loop and closed loop are 0.9Å and2.1 Å respectively. Figure 7-5 illustrates 

the normal distribution of the lateral noise in open and closed-loop systems. The 

measurement used a 1 kHz bandwidth of the closed-loop system. 

7.3.4 Implementation in a custom high-speed AFM 

Much progress has been made in the area of high-speed AFM in recent years, with 

improvements for example in cantilevers [214]–[216], detection systems [61], controllers and 

scanner designs [77], [217]. Obtaining high scanner resonance frequencies often requires very 

small and compact scanner designs. Operating such high-speed scanners in closed-loop faces 

two additional challenges over conventional scanners: 1) a high sensor bandwidth with low 

noise density is necessary to maintain high-resolution closed-loop imaging over a larger 

frequency spectrum. 2) The size and mass of the sensor should not significantly increase the 

overall scanned mass, in order to not reduce the resonance frequency of the whole system 

[218].  

We upgraded our homebuilt piezo-stack high-speed scanner [216] with two 100µm-range 

position sensors to measure the lateral displacement (see Figure 7-6(a)). The scanner is 

operated using a high-speed AFM controller (Anfatec AFT-MMC50, Germany) with a high-

speed piezo amplifier (Techproject, Austria). We used the same FPGA as for the tube scanner 

implementation for closed-loop feedback. Figure 7-6(b) displays the X-axis frequency 

response of our home-built high-speed scanner measured with the MEMS sensor. The lateral 
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resonance frequency of the scanner is 11.5 kHz, which is sufficiently high to image at several 

hundred lines/second. In order to minimize residual scanner vibrations at the turn around, a 

butterworth lowpass filter with a cut off frequency of 10 kHz was implemented on the 

controller. 

 

 
Figure 7-6 High-speed closed-loop system. (a) Custom designed high-speed scanner and position sensors. (b) 
Frequency response of the high-speed scanner. (c) Drift in open loop (d) No nonlinearity at 300 Hz scan rate in 
closed-loop operation. 

In order to measure the performance of the closed-loop high-speed system, we used the 

same down-up measurement as discussed earlier. To compare the implementation, images in 

open loop and closed loop are taken. Figure 7-6(c) displays two images taken in open loop 

where drift is visible between two images. Figure 7-6(d) includes two images in closed loop 

captured at 300 Hz scan rate and cut diagonally. The square pits have the correct regular 

spacing and the downward scanned image is well matched with the upward scanned image. 

At present, the sensors on our high-speed, closed-loop system are not fluid sealed, which 
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limits the imaging-in-fluid capabilities of this instrument for imaging biological samples. In 

order to provide a high-speed, closed loop scanner for biological samples, these sensors would 

need to be sealed or protected from potential fluid leaks. 

7.4 Discussion 

The performance of the sidewall piezoresistive position sensor shows great promise for 

lateral closed-loop AFM applications. The inherent linearity of the sensor simplifies 

implementation for electronics and signal processing.  The position sensor’s size and ease of 

use make it possible to install it in close proximity to the sample without impeding the 

scanner motion. The AFM images demonstrate adequate hysteresis, creep and drift removal 

in the implemented closed-loop system. 

A drawback of our implementation is the need for crosstalk compensation between the X, 

Y, and to some extent Z-axis. Both the tube and flexure-based scanner implementations are 

parallel kinematic designs in the XY plane [219]. Therefore any motion in X will also lead to a 

motion in the Y-axis, and vice versa. Additional cross coupling will occur in the sensors 

(coupling strength ca. 1:20 for X-Y and 1:100 for Z-X or Y) in addition to inherent cross 

coupling of the scanners. This cross coupling depends on the exact design of the differential 

spring for the mechanical deamplification. We minimize this effect by aligning the sensor 

measurement axis very well with the scanner motion axis. Nevertheless, the crosstalk 

correction as well as the sensitivity correction can be easily implemented using standard shear 

transformations. For the tube scanner implementation, we implemented a cross-coupling 

correction for the Z-X and Z-Y signals using the low voltage actuation signal, which reduced 

any cross coupling below the measurement limit.  

The presented sensor obtains its high sensitivity and linearity from the fact that it is a 

monolithic structure fabricated from single crystal silicon. However, this architecture, 

combined with the low spring constant of the MEMS flexures, also makes the sensor fragile. 

Therefore, great care must be taken not to break the lightweight, small and fragile sensor 

during mounting. In operation, we have not observed any fatigue failure or nonlinearity at the 

ends of the dynamic range. The sensor behaves linearly until it passes its allowed dynamic 

range, after which failure occurs in the form of brittle fracture in the silicon flexure. While we 

have not observed any failure of the sensors during months of operation, the sensors can 

become damaged when stretched beyond their dynamic range, for example when the closed-

loop controller becomes unstable and the scanner is excited at resonance.  

The high bandwidth, small size, and low mass of the MEMS sensor make it well suited for 

high-speed AFM. The capacitive sensors often used in high-resolution closed-loop piezo 
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stages are problematic for high-speed AFM applications, since they are comparatively large to 

the size of high-speed scanners and generally do not operate beyond a few kHz. Optical 

methods such as interferometry can easily operate at high frequencies and implementations 

are available in small form factors, but their high price limits their practical use. The 

advantage of the presented feedback system is the stability and high bandwidth due to small 

mass of the position sensors (combined with the scalability of batch fabrication). This 

performance enabled high-speed closed-loop imaging of our scanner with 300 Hz without 

instability in the system. Larger scan rates could be achieved by model-based filtering of the 

mechanical resonances of the home-built HS-scanner. We predict that further improvement 

of the readout electronics and direct implementation of the feedback in the AFM controller 

will reduce the closed-loop imaging noise to levels equal to the open-loop imaging noise. 

7.5 Conclusion 

In this work, we have presented a lateral feedback implementation using monolithic, 

sidewall-embedded, MEMS-based nanopositioning sensors for both conventional piezo tube 

scanners as well as high-speed, flexure-based piezo scanners. Experimental results show 

distortion free, repeatable imaging with accurate zoom and offset operation.  The small size, 

low noise and high bandwidth of the sensor combined with the simplicity of the readout 

electronics makes such a MEMS based closed-loop system ideally suited for integration into 

piezo-tube scanners as well as compact, high-speed, flexure-based AFM scanners. 

7.6 Methods 

7.6.1 Closed loop implementation 

Shear and gain corrections are required before feeding the sensor’s signal to PI controller. 

The gain correction is performed by comparing the sensor’s signal with the low voltage drive 

signal from the AFM controller, and amplifying the sensor signal to have the same amplitude 

as the low voltage drive signal. The linearity of the sensor guarantees that once the gain is set 

there is no need to change it again. The gain correction is implemented by using high 

throughput multipliers in LABVIEW FPGA. 

The shear correction is implemented as follows: 

XSensor =XSensor, Shear - (α × YSensor, Shear) 

YSensor =YSensor, Shear - (β × XSensor, Shear) 

Where XSensor, Shear and YSensor, Shear are the sensor signals before shear correction, XSensor and 

YSensor are sensor signals after shear correction. α and β are the shear correction factors, which 
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are defined to get orthogonal sensor’s signals. The shear correction is performed by using high 

throughput multiplier and subtraction modulus in LABVIEW FPGA. 

Afterwards the sensor signal is compared with the low voltage drive signal from the AFM 

controller. The PID module is chosen from “PID and fuzzy logic toolkit” in LABVIEW FPGA. 

The PID gains are adjustable on the front panel of the LABVIEW code. The output of the 

PID is amplified with home built high voltage piezo amplifiers and then applied to the 

scanner.  

7.6.2 Lateral noise measurement 

The additional lateral noise in the closed-loop AFM image originates from the readout 

electronics, FPGA setup, the position sensor itself, as well as the existing position noise of the 

open-loop system. To characterize the total lateral noise in closed-loop imaging we recorded 

the amplitude variation on a tilted mica sample with a slope of 30° in amplitude modulation 

mode, with a scan size of 0nm while holding the position constant and using very low Z-

feedback gains (just sufficient not to drift off the surface). The total noise consists of the 

vertical noise in Z and the lateral noise for each X and Y directions scaled by the 30° angle. 

The lateral noise has been projected given the fact that the sample was tilted and has been 

compared for both open and closed-loop systems.   

7.6.3 Conventional AFM imaging 

We used a Bruker multimode in contact mode with retrofitted J scanner (digital 

instruments, Santa Barbara, USA). The low-voltage signals for X and Y scanning were outputs 

from the controller and reshaped through our closed-loop system. The compensated low 

voltage signals were then input to the controller.  

7.6.4 High-speed AFM imaging 

For high-speed AFM imaging we used an Anfatec controller (Anfatec AFT-MMC50, 

Germany) in high-speed contact mode. Our home built small lever head [27] was placed on 

our custom designed high-speed scanner using a Bruker FastScan-C cantilever. Having the 

position sensors on the scanner, we implemented the closed-loop system on a LabVIEW 

FPGA as discussed in the main text.  
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This is the end of the article. 

7.8 Toward further extension of the closed-loop scanner 

Due to lightweight and a small package of the employed displacement sensors, we aimed 

to place them inside the piezotube scanner (Model J, Bruker Nano Surfaces), so the sensors 

are protected from the environment and mechanical disturbances. Besides, the displacement 

sensors are then in direct contact with the piezotube so they can read the real trajectory even 

with higher accuracy. In order to locate the sensors safely inside, we modified our piezotube 

scanner to be able to glue the stationary side of the sensor onto the scanner guard and the 

moving part of the sensor onto the piezotube.  

First, we cut the top part of the X, Y piezotube in a crown shape, and then we made a 

metallic fixture which can be placed among the piezotube crown and hold the sensors. This 

fixture also allows for sensor orthogonality correction. We managed to fit the first 

amplification stage next to the sensors, inside the piezotube. This readout PCB has a dual 

channel instrumentation amplifier (AD8222, Analog Devices, MA, USA) for both sensors. 

Figure 7-7(a) shows the cross-sectional view and the top view of the modified piezotube 

scanner with the sensors, the fixture and the electronics. Figure 7-7(b) displays the closed loop 

scanner with the displacement sensors inside at different stages of the implementation. 

The wires containing signals from/to the instrumentation amplifier were then connected 

to an external electronic box for further amplification and offset adjustment. The LABVIEW 

FPGA code, including the PI controller and the shear/gain corrections, was similar to the one 

discussed in section 7.6.1. As a proof of concept, we imaged a reference-grating sample, 

shown in Figure 7-8, where the nonlinearity of the piezotube scanner was successfully 

removed thanks to the displacement sensors and the PI controller.  
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Figure 7-7 Implementation of the closed loop scanner with the displacement sensors inside the scanner. (a) The 
top part of the piezotube is cut into a crown shape so the fixture can be fitted. The sensors are glued onto the 
readout PCB and the PCB ring. The readout PCB is glued onto the fixture (stationary part) and the PCB ring is 
glued to the piezotube (moving part). The fixture is glued to the scanner guard so the scanner guard via the fixture 
supports the readout PCB. The instrumentation amplifier is placed next to the sensors. (b) The implementation 
steps toward a functional closed loop scanner where the displacement sensors are protected safely inside. 

 
Figure 7-8 An AFM image of a reference-grating sample, imaged by employing the developed closed-loop scanner 
where the displacement sensors were embedded safely inside the scanner. 
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8. Conclusion and outlook 

8.1 Tip-integrated SU8 cantilevers 

8.1.1 Achieved results 

One of the primary research goals in AFM manufacturing is developing cantilevers with 

sharp and long-lasting tips. It becomes particularly important for high-speed polymer 

cantilevers since the tips made of polymers are subject to high wear-rates. These high wear-

rates prevent the polymer cantilevers from being exploited for high-speed AFM applications.  

In this thesis, the integration of sharp silicon nitride tips into SU8 cantilevers was 

presented. The critical aspects of the process were mechanical anchoring of moulded silicon 

nitride tips and two-step cantilever release. By imaging a polycrystalline titanium roughness 

sample, the tip sharpness was measured at 9nm ± 2nm for 20 individual cantilevers, and no 

visible wear was observed after more than 16mm of tip travel. The introduced tip-integrated 

SU8 cantilevers preserve their high tracking bandwidth. The 3dB drop of the surface tracking 

in tapping mode has been measured, and it confirmed more than 50 times faster response for 

the tip-integrated SU8 cantilevers compared to a silicon cantilever with the same resonance 

frequency.  

8.1.2 Outlook 

Tip integrated SU8 cantilevers are yet far from a product for every-day use. We showed a 

batch fabrication recipe to integrate durable tips with descent tip sharpness, but still AFM 

users would find it challenging to deal with the parasitic peaks during the cantilever tuning. 

We attributed this issue mainly to the low Q-factor of polymer cantilever itself, but we still 

need to investigate other sources and try to fix them. For instance, we need to consider if the 

commercial cantilever holders designed for silicon and silicon nitride cantilevers, are a proper 

choice for polymer cantilevers or not.   

In terms of the microfabrication, we observed some diffusion patterns from the first SU8 

chip body to the silicon substrate and the SU8 beam. This diffusion is a known problem in 

SU8 microfabrication processes and happens due to the diffusion of photo-acids into a non-

exposed area of SU8 when it goes to several thermal cycles after the UV exposure. In the past, 

we used to develop all three SU8 chip body layers once, so the first SU8 chip body layer had to 
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go through several baking steps. We can solve this problem by separating the first SU8 chip 

body patterning from the next SU8 layers.  

8.2 Tip-integrated, hybrid multilayer cantilevers 

8.2.1 Achieved results 

Pure polymer cantilevers suffer from low excitation efficiency when they are actuated with 

the dither piezo. To promote excitation efficiency, a multilayer design was presented. The 

process was based on sandwiching the polymer core with two hard thin films (with high in-

plane stiffness). The multilayer devices were realized through covering two silicon wafers with 

a thin layer of silicon nitride, then bonding them together using Benzocyclobutene (BCB) as 

both a glue for wafer bonding and a structural layer for the cantilever core. This 

microfabrication recipe enabled fabricating hybrid multilayer (silicon nitride-BCB-silicon 

nitride) cantilevers with silicon chip bodies, and oxide sharpened silicon nitride tips. It was 

shown that the mechanical tuning of a multilayer cantilever (Q-factor=58) was significantly 

improved compared to a SU8 cantilever (Q-factor=21). The 3dB decrease in tracking 

amplitude demonstrated more than 30 times faster response for the multilayer cantilevers 

compared to its traditional silicon counterpart. It was also shown that the silicon nitride tip 

showed minimal tip wear, even after 11h of imaging and 170mm of tip travel distance.  

8.2.2 Outlook 

The microfabrication process of the hybrid multilayer cantilevers includes an adhesive 

wafer-bonding step, which potentially let us further explore new fabrication recipes to make 

even better tips. For instance making a sharp corner-tip, which protrudes out from the very 

end of the cantilever helps to have a more accessible approach to the sample surface. Such a 

corner-tip can be designed by combining anisotropic dry and isotropic wet etching 

procedures, similar to Nanosensors AdvancedTEC and Nanoworld Arrow commercial 

cantilevers. 

8.3 Self-sensing, hybrid multilayer cantilevers 

8.3.1 Achieved results 

The design and the adaptable microfabrication recipe of the introduced multilayer 

cantilevers make an ideal platform to integrate strain sensors and fabricate self-sensing hybrid 

multilayer cantilevers. In this thesis, it was shown that the piezoresistive strain sensors could 

be formed on the silicon nitride thin film before the wafer bonding, and were safely embedded 

afterwards. By incorporating a polymer (BCB) as the structural cantilever material we 
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fabricated thick, but soft cantilevers. It means that one can make cantilevers with high 

deflection sensitivity and low spring constant, and consequently high force sensitivity. The 

high force sensitivity is a significant advance for dynamic AFM applications, where the 

suitability of the self-sensing method over OBD has been primarily limited by inferior force 

resolution of the self-sensing cantilevers. It was shown that a multilayer self-sensing cantilever 

has 6 times lower force noise compared to a silicon cantilever with similar dimensions and 

sensing elements. We measured an achievable 0.4 Angstrom RMS noise with the self-sensing 

multilayer cantilevers (spring constant=57N/m) in AC mode in air and imaged HOPG, 

efficiently resolving the single atomic steps. The exciting aspect of the self-sensing hybrid 

multilayer cantilevers is that the high deflection/force sensitivity is achieved while the 

cantilever characteristics (resonance frequency, spring constant and planar dimension) 

remain within the practical limits for both static and dynamic measurements.  

It has been demonstrated that the polymer-core multilayer cantilevers are capable of 

tracking topography changes faster than cantilevers made of traditional MEMS materials. In 

this scope, it was shown that the quality factor of the multilayer cantilevers in a vacuum was 4 

times lower than that of comparable silicon cantilevers, which manifested in 400% faster 

imaging speeds. The ommatidium lens surface of a wasp eye was scanned in a vacuum with a 

self-sensing multilayer cantilever and a silicon cantilever. It was shown that while the silicon 

cantilever tracks the sample poorly at 160µm/s tip velocity, the self-sensing multilayer 

cantilever detects the sample topography significantly better thanks to its high tracking 

bandwidth. 

The hermetically sealed self-sensing multilayer cantilevers have been employed in 

multiple AFM techniques. For instance, the topography change of polished nickel surface was 

observed in dark, corrosive, ferric chloride liquid where the cantilever showed no sign of 

degradation even after 5 hours of continuous imaging. It has been verified that the self-

sensing multilayer cantilevers can be supplemented with additional coatings. In this regard, 

the surface potential measurements of a PS-LDPE polymer blend were presented, for which 

the cantilever bottom side was sputter-coated with a 100nm gold layer. Besides, we coated a 

self-sensing multilayer cantilever with 70nm evaporated Ni81Fe19 and performed correlated 

SEM-AFM-MFM imaging on Ni81Fe19 Penrose P2 tiling in a vacuum where the phase 

contrasts at the vertices in MFM measurements were clearly observed. 

8.3.2 Outlook 

The idea of having hermetically sealed piezoresistive multilayer MEMS devices is not 

limited merely to AFM cantilevers. For example, we have designed and fabricated 

piezoresistive multilayer membranes to be employed as a surface stress sensor in liquids. 
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While we were able to release the self-sensing multilayer membranes successfully, such 

devices need further design optimization to reach practical sensitivities. We can also consider 

patterning the polymer core to realize encapsulated microfluidics devices. By integrating the 

sensing elements and the electrodes inside the channel, one can measure the resistance of 

fluids or even apply an electric field inside the channel, along with self-sensing mass 

(frequency shift) measurements. 

We have demonstrated how the hybrid multilayer structure improves the force sensitivity; 

nevertheless, we were not satisfied with the low GF of doped polysilicon (20-25 in our case). 

In an effort to increase the deflection sensitivity, we modified our fabrication process to 

integrate doped silicon (which has higher GF) through using an SOI wafer and performing 

some critical steps. However, the process was pricy, and the silicon piezoresistors were not 

encapsulated between the LSNT film and the polymer core as discussed in the method section 

4.6.1.2. .  

As an alternative to improve the GF of polysilicon, one approach would be performing 

laser processing, which can initiate the recrystallization process of polysilicon by removing 

grain boundaries. This process has been attempted in the past for SOI wafers [220]. The 

polysilicon recrystallization on LSNT film requires an in-depth study to provide the right 

profile for laser annealing. In another effort, we have contacted researchers in Australia who 

have reported polysilicon piezoresistors that are fabricated using Aluminum-induced-

crystallization (AIC) of evaporated silicon, with GF as high as 62 [50]. 

Furthermore, in collaboration with Prof. Alexandra Radovich and Prof. Andras Kis, we 

are working on the integration of MoS2 piezoresistors into our multilayer cantilevers.  With 

recent achievements of our collaborators in producing wafer-scale MoS2, we have targeted to 

have an acceptable fabrication yield. The MoS2 based multilayer devices have the inherent 

advantage that the MoS2 piezoresistors are fully encapsulated. 

8.4 Self-sensing SU8 cantilevers based on MOS2 piezoresistors 

8.4.1 Achieved results 

SU8 cantilevers have shown promising aspects due to the ease of fabrication and high 

detection speed. In the scope of my research, it was revealed that highly flexible, high gauge 

factor MoS2 piezoresistors could be incorporated into the SU8 cantilevers. The 

microfabrication was based on the mechanical transfer of monolayer CVD-grown MoS2 to the 

first SU8 layer, followed by patterning MoS2 piezoresistors and metal traces. The rest of the 

process was mainly similar to the microfabrication of pure SU8 cantilevers except that the 

chip release was based on etching a Cr-Au-Cr sacrificial layer rather than silicon KOH 
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etching. The cantilever tuning was attempted electrically and optically where the self-sensing 

measurements showed very good agreement with the optical results. 

8.4.2 Outlook 

So far, we have proven that MoS2-SU8 cantilever fabrication is feasible and follows the 

design rule by successfully fabricating the device and measuring the resonance frequency with 

piezoresistive readout. However, up to this moment, further characterization and application 

of the cantilevers are hindered because of the low yield of successful devices. With the recent 

progress on wafer-scale growth of MoS2, we can fabricate MoS2 based SU8 cantilever with an 

improved fabrication yield. 

8.5 SU8, a simple and stable doping and encapsulation approach 

for MoS2 devices 

8.5.1 Achieved results 

It was noticed that SU8 could play three roles in cantilever fabrication. It can act as a 

structural device layer, as an encapsulation layer and finally as an n-type doping source for 

CVD grown monolayer MoS2 devices. Evaluating the Raman spectroscopy and the transfer 

characteristic of SU8-coated MoS2 based FETs confirmed a large increase in on-current and a 

negative shift of the threshold voltage, which was the result of n-type doping. The mechanical 

flexibility of SU8, combined with its good air and water stability, made it possible to realize 

flexible MoS2 FETs with SU8 encapsulation on 10µm polyimide. Such a device showed only 

minor changes after going through 100 cycles of bending, which marks SU8 as a practical 

strategy to encapsulate and dope MoS2 based flexible devices.  

8.5.2 Outlook 

We have proven that SU8 is a promising doping and encapsulation strategy for MoS2 

based devices. However, we cannot explain yet what the physical/chemical explanation of this 

effect is. In a back-engineering approach, we tried to rule out multiple factors. For example, 

we coated the MoS2 devices with SU8 without photo-acid generator (PAG) and realized that 

the doping effect was still preserved. We also covered the MoS2 devices only with Gamma-

Butyrolactone (GBL), SU8 solvent, and saw no sign of doping. We believe that understanding 

the physics behind this phenomenon needs a higher level of knowledge in chemistry and then 

the results can be possibly further applied to other 2D materials. 
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8.6 Nonlinearity compensation of the AFM piezo scanners using a 

monolithic MEMS position sensor in a closed loop scheme 

8.6.1 Achieved results 

A monolithic, sidewall-embedded piezoresistive displacement sensor has been employed 

in a closed loop design to compensate the nonlinearities of the AFM piezotube scanner, such 

as hysteresis, creep and drift. The closed loop controller was developed and implemented on 

an FPGA using the PID and fuzzy logic toolkit of LABVIEW. It was shown that by measuring 

the real trajectory of the scanner (through the displacement sensors) and then reshaping the 

drive signal of the piezotube scanner (through the PI controller), one could counterbalance 

the associated nonlinearities of the piezotube scanner with precise zoom and offset control in 

AFM imaging. The lateral RMS noise of the piezotube scanner was measured at 2.1 Angstrom 

in the closed loop design. Also, we combined the introduced closed loop design with our 

home-built high-speed scanner. Subsequently, we were able to image a reference-grating 

sample at 300Hz scan rate with the closed loop scheme.  

8.6.2 Outlook 

The fundamental problem associated with using closed loop control in piezotube scanners 

is the need for a displacement sensor. Every piezoresistive displacement sensor has its 

inherent noise, which will affect the nanopositioning resolution. Combining an iterative 

learning control with our introduced piezoresistive displacement sensor can significantly 

improve the nano-manipulation resolution.  

 

8.7 Overall outlook 

Using AFM for nanocharacterization is making the transition from laboratories to 

research centers and production environments. Although, the user interaction needed for 

acquiring trustworthy results requires a specially trained operator and thus limits the 

automat-ability of AFM.   Self-sensing cantilevers have improved the ease of use of AFM, but 

they lack a universal platform to be employed with commercial AFM setups. For example, 

each research group, who has developed self-sensing cantilevers, has a customized cantilever 

holder, read-out electronics and interfaces. It restricts the use of newly developed self-sensing 

cantilevers to internal users to a large extent. Along with producing high-performance self-

sensing cantilevers, developing a comprehensive platform for self-sensing cantilevers can 

genuinely expand their use in AFM field. 
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10. Appendix A 

The following table elaborates the process flow to fabricate the self-sensing hybrid 

multilayer cantilevers. This run-card is developed for CMI facilities.  

 

Table 10-1 The process run card to fabricate the multilayer cantilevers. 

Step  
N° Description Equipment Program / Parameters Target 

Time of 
Step 

0 WAFER PREPARATION 

  Substrates: 100/P/DS/1-10 Si    
 

    

1 Low stress nitride, polysilicon, BSG depositon and diffusion - sensor wafer 

1.1 RCA1 clean RCA request H2O:NH4OH:H2O2 (5:1:1) 15min 75°C   

1.2 HF dip RCA request HF:H2O (1:10) 15s   

1.3 RCA2 clean RCA request H2O:HCl:H2O2 (6:1:1) 15min 75°C   

1.4 Fast fill rinse RCA request   15min   

1.5 Trickle tank RCA request   15min   

1.6 SRD RCA request prog 1     

1.7 Nitride deposition RCA request Low stress nitride 20-100 nm   

1.8 
Polysilicon 
deposition RCA request polysilicion 100 nm   

1.9 BSG deposition RCA request Wet oxide std process 200 nm   

1.10 Diffusion RCA request 1200 deg C 15 min     

2 Photolithography - "Backside registry" 

2.1 
Surface activation / 
Clean 

Tepla 
GigaBatch 3min @ 600W O2 plasma   10min 

2.2 Spin on ACS200 CMi_0104_1.1um_AZ1512_HMDS 1.1um 30min 

2.3 Expose MA6 Hard contact, CP mode 3.0s 1h 

2.4 PR develop ACS200 CMi_Dev_0904_2um_AZ1512   30min 

2.5 Plade solvent SRD prog 1   10min 

3 Oxide/poly/nitride dry etch backside registry 

3.1 Dry etch SPTS SiN smooth 2min45s 1h30min 

3.2 Inspection Microscope       

4 Resist strip 

4.1 O2 plasma 
Tepla 
GigaBatch 7 min @ 600W   10min 

4.2 Inspection Microscope Visual inspection for resist residue     

5 Photolithography - "Polysilicon" 

5.1 Surface activation 
Tepla 
GigaBatch 1min @ 200W     

5.2 Spin on ACS200 CMi_0145_2um_AZ9221_HMDS 2um 40min 
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5.3 Expose MA6 Hard contact, CI mode 9.5s 1h15min 

5.4 PR develop ACS200 CMi_Dev_0945_2um_AZ9221   30min 

5.5 Plade solvent SRD prog 1   10min 

5.6 Inspection Microscope Visual inspection for pattern     

6 BSG mask dry etch 

6.1 Descum 
Tepla 
GigaBatch 10s @ 200W   10min 

6.2 Oxide dry etch SPTS SiO2 PR 3:1 200nm 1h30min 

6.3 Inspection Microscope Visual inspection for pattern     

6.4 Resist strip 
Tepla 
GigaBatch 7min @ 600W   10min 

6.5 Inspection Visual Visual inspection for resist residue     

7 KOH wet etching of polysilicon 

7.1 HF dip Plade Six Sigma 1% HF, 1min30sec     

7.2 FFR Plade Six Sigma     10min 

7.3 KOH Etching Plade Six Sigma 40%, 20°C (ambient), about 6min 100nm 1h 

7.4 FFR Plade Six Sigma     10min 

7.5 Neutralization Plade Six Sigma HCL room temp 2h 2h 

7.6 FFR Plade Six Sigma     10min 

7.7 Air dry Plade Six Sigma     half-day 

8 BSG strip 

8.1 BHF oxide etch Plade oxide BHF clean, 10min 200nm 10min 

8.2 FFR Plade oxide     10min 

8.3 Trickle tank Plade oxide     5min 

8.4 SRD Plade oxide prog 1   5min 

9 Photolithography - "Thin metal" - thin metal for polysilicon contacting - sensor wafer 

9.1 Spin on ACS200 0171-CMi.AZ1512onLOR.0um48 1.1um 1h30min 

9.2 Expose MA6 Hard contact, CP mode 2.0 s   

9.3 Develop ACS200 0971-CMiDev.AZ1512onLOR.0um48     

9.4 SRD Plade solvent prog 1     

9.5 Descum 
Tepla 
GigaBatch 10s @ 200W 10 s   

9.6 Inspection Microscope Lithography resolution and alignment     

10 Metal deposition and liftoff - thin metal for polysilicon contacting - sensor wafer 

10.1 BHF oxide etch Plade oxide BHF clean 1 min   

10.2 FFR Plade oxide       

10.3 TT Plade oxide       

10.4 SRD Plade oxide prog 2     

10.5 Al deposition EVA760 450_Al_50 150 nm   

10.6 Liftoff Plade solvent Room temp 1165 bath overnight     

10.7 IPA rinse Plade solvent Isopropanol bath 2 min   

10.8 FFR Plade solvent       

10.9 TT Plade solvent       
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10.10 SRD Plade solvent prog 2     

11 Photolithography - "Thick metal" - thick metal for polysilicon contacting - sensor wafer 

11.1 Spin on ACS200 0172-CMi.AZ1512onLOR.0um82 820nm/1.1 um   

11.2 Expose MA6 Hard contact, CP mode 3.3 s   

11.3 Develop ACS200 0972-CMiDev.AZ1512onLOR.0um82     

11.4 SRD Plade solvent prog 1     

11.5 Descum 
Tepla 
GigaBatch strip low 10 sec 10 s   

11.6 Inspection Microscope 
Visual inspection for lithography 
resolution and alignment     

12 Metal deposition and liftoff - thick metal for polysilicon contacting - sensor wafer 

12.1 Al deposition EVA760 450_Al_50 250 nm   

12.2 Liftoff Plade solvent Room temp 1165 bath overnight     

12.3 IPA rinse Plade solvent Isopropanol bath 2 min   

12.4 FFR Plade solvent       

12.5 TT Plade solvent       

12.6 SRD Plade solvent prog 1     

12.7 Inspection Microscope 
Visual inspection for resolution and 
alignment     

13 Photolithography - "Bond pad caps" mask - sensor wafer 

13.1 Spin on ACS200 0172-CMi.AZ1512onLOR.0um82 820nm/1.1 um   

13.2 Expose MA6 Hard contact, CP mode 3.3 s   

13.3 Develop ACS200 0972-CMiDev.AZ1512onLOR.0um82     

13.4 SRD Plade solvent prog 1     

13.5 Descum 
Tepla 
GigaBatch strip low 10 sec 10 s   

13.6 Inspection Microscope 
Visual inspection for lithography 
resolution and alignment     

14 Metal deposition and liftoff - bond pad caps - sensor wafer 

14.1 Ti/Pt/Au deposition EVA760 450_Ti_Pt_Au_50 50/50/150 nm   

14.2 Al deposition EVA760 450_Al_50 100nm   

14.3 Liftoff Plade solvent Room temp 1165 bath overnight     

14.4 IPA rinse Plade solvent Isopropanol bath 2 min   

14.5 FFR Plade solvent       

14.6 TT Plade solvent       

14.7 SRD Plade solvent prog 1     

14.8 Inspection Microscope 
Visual inspection for resolution and 
alignment     

15 Resistance measurement 

15.1 Measurement PM8 2 point resistance (in TP micro folder)     

16 BCB coating and bonding 

16.1 Surface activation Tepla strip high 3min     

16.2 BCB primer coating Wet bench 
500rpm for 10s & 3000rpm for 30s 
(w/ N2)     

16.3 BCB coating RC8 mid zone 700rpm for 9s & 4000rpm for 30s     

16.4 BCB pre-baking 1 RC8 mid zone 80s @80°C     
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16.5 BCB pre-baking 2 
RC8 entrance 
zone 20min@150°C     

16.6 Relaxation in wafer box 1-2h minimum     

16.7 BCB bonding SB6 prog Operic_BCB-final / G_T220_340     

16.8 Relaxation in wafer box overnight     

16.9 BCB hard baking Heraeus T6060 
30min ramp to 250°C + 1h @250°C (+ 
down ramp to RT)   2h 

17 Photolithography  - chip body openings on sensor wafer 

17.1 Surface activation Tepla Strip high 1 min (GigaBatch)     

17.2 Spin on SSE SB20 AZ1512HS, STD-4000-RPM 1.3 um   

17.3 PR bake SSE SB20 100°C on hotplate 1 min   

17.4 Expose MA6 Hard contact, CP mode 2.1 s   

17.5 PR develop Develop bench MFCD26 30 sec   

17.6 DI Rinse Develop bench       

17.7 N2 dry Develop bench       

17.8 Inspection Microscope       

18 Dry etch - chip body openings on sensor wafer 

18.1 Poly/LSNT dry etch SPTS Si3N4 Smooth     

18.2 Inspection Z2/microscope       

18.3 O2 plasma 
Tepla 
GigaBatch Strip high 7 min @ 600W     

18.4 Inspection Visual Visual inspection for resist residue     

19 Dry etch - opening on complementary wafer 

19.1 Nitride dry etch SPTS SiO2 PR 3:1     

19.2 Inspection Visual       

20 KOH wet etching - Si bulk removal and membrane release 

20.1 KOH Etching Plade Six Sigma 
40%, 60°C, control density to 1.37 at 
60°C 380 um   

20.2 FFR Plade Six Sigma       

20.3 Neutralization Plade Six Sigma HCL room temp 2h   

20.4 FFR Plade Six Sigma       

20.5 Air dry Plade Six Sigma   3h   

21 Aluminum deposition 

21.1 Etch stop Al coating EVA760 250_Al_160 2 um 1h30m 

21.2 
Hard mask Al 
coating EVA760 450_Al_50 300 nm 1h 

22 Photolithography - onto top side 

22.1 Surface activation SSE SB20 Dehydration, 105° 5 min   

22.2 Spin on SSE SB20 AZ1512, STD-4000-RPM 1.3 um   

22.3 PR bake SSE SB20 105 °C on hotplate 1 min   

22.4 Expose MJB4   2.5 s   

22.5 PR develop Develop bench AZ developer 40 s   

22.6 DI Rinse Develop bench       

22.7 air dry Develop bench       

22.8 Inspection Microscope       
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23 Aluminum wet etch (3min in ANP) 

23.1 Alu wet etch Plade metal ANP 35 degrees 300 nm   

23.2 DI rinse Plade metal TT only, or manual beaker rinse 3 times   

23.3 Air dry Plade metal       

24 Dry etch - sandwich etch for cantilever shape definition 

24.1 Nitride dry etch SPTS LBNI-BCB custom process 100 nm   

24.2 BCB dry etch SPTS LBNI-BCB custom process 4-8 um   

24.3 Nitride dry etch SPTS LBNI-BCB custom process 100 nm   

25 Aluminum wet etch 

25.1 Alu wet etch Plade metal ANP 35 degrees 2 um   

25.2 DI rinse Plade metal TT only, or manual beaker rinse 3 times   

25.3 Air dry Plade metal       

26 Metal reflective coating deposition 

26.1 Ti/Au evap 
EVA760 or 
DP650 

450-lift-off_Ti-Au_50-50 / RTU_Ti-
Au 5 nm/20 nm   

26.2 Inspection SEM Merlin       
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11. Appendix B 
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12. CV 

PERSONAL INFORMATION 
Born: 
Civil status: 
Address: 

 

June 23th, 1985  
Married, one child 
Rue de Bassenges, 3B 
CH-1024 Ecublens, Switzerland 
 
Phone:   +41 789 36 13 68 
e-mail:    nahid.hosseini@epfl.ch 

 

EDUCATION 
2013-Present PhD candidate in Microsystems and Microelectronics, Ecole   

Polytechnique Fédérale de Lausanne (EPFL), Lausanne, Switzerland. 
2009-2012 Master in Microelectronic devices, Sharif University of Technology, 

Tehran, Iran. 
2003-2008 Bachelor in Electrical Engineering, Sharif University of Technology, 

Tehran, Iran. 
ACADEMIC EXPERIENCE 

2015-Present • A novel microfabrication platform for hermetically sealed, hybrid 
multilayer MEMS.  
 

• Integration of sharp silicon nitride tips into high-speed SU8 
cantilevers in a batch fabrication process. 

	
• Batch fabrication of multilayer polymer cantilevers with 

integrated hard tips for high-speed atomic force microscopy. 
 
Obtained skills:  
Clean room fabrication: Wet/dry etching, Photo/e-beam 
lithography, thin film deposition, wafer bonding, lift-off process, 
Electron beam induced deposition, and wire bonding. 
Instrumentation: Low noise electronics, low noise AFM, high-
speed AFM, Multiple scanning techniques like MFM and KPFM. 

 
 • Air and Water-Stable N-Type Doping and Encapsulation of 

Flexible MoS2 Devices With SU8. 
• Fabrication of self-sensing SU8 cantilevers based on MoS2 

piezoresitors. 
Obtained skills: 
Fabrication of MoS2 based thin film transistors, electrical 
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measurements in vacuum. 
 

2015-2016 
 
 
 
 

• Correlated AFM-SEM-FIB, a novel platform for nanomechanical 
mapping of polymer composites.  
Obtained skills: 
Simultaneous AFM-SEM-FIB, Nanomechanical characterization, 
3D imaging construction. 
 

2014-2015 • Rise time reduction of thermal actuators operated in air and water 
through optimized pre-shaped open loop driving (In 
collaboration with Stanford university). 
Obtained skills: 
System identification, linear and non-linear control engineering, 
digital and analogue filter design. 
 

2013-2014 • A monolithic MEMS position sensor for closed-loop high-speed 
atomic force microscopy.  
Obtained skills: 
Control engineering of closed loop systems, Assembly of AFM 
scanner, LABVIEW FPGA, characterization of piezoresistive 
position sensors, handling fragile MEMS devices. 
 

RESEARCH INTERESTS 
• Micro and Nanofabrication 
• Process Flow Design  
• Low noise Instrumentation 

 

HIGHLIGHTED PUBLICATIONS 
1. Hosseini N, Nievergelt AP, Adams JD, Stavrov VT, Fantner GE. A monolithic MEMS 

position sensor for closed-loop high-speed atomic force microscopy. Nanotechnology. 
2016 Feb 22; 27(13):135705.  

2. Fantner GE, Adams JD, Hosseini N. Multilayer MEMS cantilevers (No. EPFL-
PATENT-228130) 2016. 

3. Nievergelt AP, Erickson BW, Hosseini N, Adams JD, Fantner GE. Studying biological 
membranes with extended range high-speed atomic force microscopy. Scientific reports. 
2015 Jul 14;5:11987. 

4.  Larsen T, Doll JC, Loizeau F, Hosseini N, Peng AW, Fantner GE, Ricci AJ, Pruitt BL. 
Rise time reduction of thermal actuators operated in air and water through optimized 
pre-shaped open loop driving. Journal of Micromechanics and Microengineering. 2017 
Feb 24; 27(4):045005. 

5.  Kung YC*, Hosseini N*, Dumcenco D, Fantner GE, Kis A. Air and Water-Stable n-
Type Doping and Encapsulation of Flexible MoS2 Devices with SU8. Advanced 
Electronic Materials. 2019 Jan; 5(1):1800492. 

6. Hosseini N, Neuenschwander M, Peric O, Andany SH, Adams JD, Fantner GE. 
Integration of sharp silicon nitride tips into high-speed SU8 cantilevers in a batch 
fabrication process. In revision, Beilstein journal of nanotechnology (2019). 
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7. Hosseini N, Peric O, Neuenschwander M, Andany SH, Adams JD, Fantner GE. Batch 
fabrication of multilayer polymer cantilevers with integrated hard tips for high-speed 
atomic force microscopy. Submitted to Proceedings of the IEEE International 
Conference, Transducers-2109. 

8. Hosseini N, Neuenschwander M, Andany SH, Peric O, Adams JD, Fantner GE. A novel 
microfabrication platform for hermetically sealed hybrid multilayer self-sensing AFM 
cantilevers. Manuscript in preparation to be submitted to peer-reviewed journal, 
Nature Nanotechnology. 

9. Hosseini N, Andany SH, Hannebelle M, Winkler R, Plank H, Fantner GE. Correlated 
AFM-SEM-FIB, a novel platform for 3D nanomechanical mapping of polymer 
composites. Manuscript in preparation to be submitted to peer-reviewed journal, Small. 
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Name Function Contact 
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Full professor 
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