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Abstract

The Atomic Force Microscope (AFM) is an instrument with a wide variety of applications,
both in scientific as well as industrial contexts. A sharp tip mounted on a small cantilever
is used to sample surfaces of many different materials while measuring the resulting
forces onto it. The resulting measurements can image physical structures within the
nanometer range to investigate and manipulate sample properties.
Due to the increasing sampling frequency of AFM topography measurements caused by
the availability of high resonance frequency cantilevers, an increasing burden lays on the
demodulation of the resulting output signal from dynamic measurement methods such
as the tapping mode. Most commercially available AFM setups use an optical-based
cantilever deflection readout, in which case the transimpedance amplifier converts the
output current from a reflected laser beam shone onto a photodiode array into a voltage
for demodulation.
An external lock-in amplifier is most commonly used for this task, for which there are
implementations both in the analog as well as the digital realm. Due to the limited
bandwidth, high complexity and additional noise sources, finding alternatives is an
active field of research.
By directly demodulating a tapping mode laser signal within a variable gain amplifier,
this works goal is to design and evaluate a novel approach for an AFM head cantilever
deflection readout. This achieves a high scanning bandwidth while keeping external
noise sources small and avoids usage of an external lock-in amplifier.
A full analysis of the measurement path including a redesign of relevant parts is
conducted and the newly conceived setup is fully evaluated and specified. Measurements
on biological and other samples are undertaken to put the final implementation into a
real world application and ensure comparability with other designs.
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Kurzfassung

Das Rasterkraftmikroskop (AFM) ist ein Instrument welches in einem weiten Spektrum
an Anwendungsfällen, sei es für wissenschaftliche oder industrielle Anforderungen, zum
Einsatz kommt. Eine dünne Spitze (tip), welche aus einem Kragarm (cantilever) her-
vorsteht, wird benutzt um die Oberfläche von Proben abzufahren während die darauf
resultierende Kraft gemessen wird. Die daraus ableitbaren Messungen können eine
horizontale Auflösung im Nanometerbereich aufweisen, um damit Probeneigenschaften
zu messen und beeinzuflussen.
Die zunehmenden Abtastfrequenzen von AFM für Topografiemessungen, begünstigt
durch die höhere Verfügbarkeit von Kragarmen mit höheren Resonanzfrequenzen, bürdet
der Demodulation des Ausgangssignals von dymanischen Messmethoden, wie der des
Tippmodus (tapping mode), zusätzliche Gewichtung auf. Hierfür wird in den meis-
ten Fällen ein Trägerfrequenzverstärker (lock-in amplifier) verwendet, welcher sowohl
digital als auch analog realisiert werden kann. Die meisten kommerziell verfügbaren
AFM basieren auf einer optischen Auslesung der Kragarmauslenkung (cantilever de-
flection). Ein Transimpedanzverstärker zur Konvertierung des Ausgangsstromes einer
Photodiodenmatrix bedingt durch einen reflektierten Laserstrahl in eine Spannung wird
herangezogen, um diese der Demodulation zuzuführen.
Bedingt durch deren limitierte Bandbreite, hohen Komplexitizätsgrad und die zusät-
zlichen Rauschquellen, ist die Erforschung von Alternativen zu Trägerfrequenzverstärk-
ern ein aktives Feld der Forschung.
Die direkte Demodulation eines Tippmoduslasersignals mittels eines Verstärkers mit
variablen Transimpedanzwiderstand (variable gain amplifier) ist der Kern dieser Arbeit,
welche sich dem Entwurf und Evaluation dieser neuartigen Kragarmauslenkungsmessung
für einen AFM Kopf widmet. Diese Methode erreicht eine hohe Abstastfrequenz, hält
das Messrauschen niedrig und vermeidet den Einsatz eines Trägerfrequenzverstärkers.
Eine vollständige Analyse des Messpfades mit einer Neuentwicklung von relevanten
Teilen wird durchgeführt und der resultierende neuartig konzipierte Aufbau wird voll-
ständig evaluiert und spezifiziert. Messungen an biologischen Proben und Referen-
zstrukturen werden durchgeführt, um das final implementierte Design einer echten
Anwendung auszusetzen und eine Vergleichbarkeit mit anderen Lösungsansätzen zu
ermöglichen.
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CHAPTER 1

Introduction

Atomic Force Microscopy (AFM) was invented in the 1980s by Binning et al. based
on a scanning tunnel microscope (STM) [1]. It enables investigating sample surfaces
in the scale of nanometers [2] and is a widely used tool for inspection and analysis
for research as well as industry purposes [3], in metrology [4], for thermal treatment
[5], imaging [6] as well as for molecular sample manipulation [7]. Advantages over
other measurement methods such as transmission electron microscopy and scanning
electron microscopy (SEM) like the missing necessity of vacuum and measurements with
ambient temperatures and non conductive samples make it the preferred measurement
method for many applications [8]. This is all done while making in situ imaging of
nano indentations possible without the need of tip switching, movement of samples or
area relocation [9]. With AFM-based methods a broad area of applications are known
including surface morphology, electrical properties, adhesion, mechanical stimulation
and others [5]. This is done by using the interaction forces between the sharp tip of a
probe on the front of a cantilever and the sample surface which result in a measurable
bending of such [10].

Shown in Fig. 1.1 is a typically used model of an AFM setup, implementing the
cantilever with its tip moving along the surface of a sample, picking up the reflected
laser signal with a four quadrant photo detector (QPD) before feeding it to the TIA
which outputs a voltage to the feedback controller & amplifier [1]. A piezo actuator,
which is in turn controlled by said feedback controller & amplifier, sets the distance
from the tip to the sample operating the system in a closed loop [11].

Different measurement modes can be applied, most commonly used is the so called
tapping mode [12], in which the cantilever is excited in its own resonance frequency
and only tapping the surface of the sample in order to minimise impact and therefore

1
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Figure 1.1: AFM typical block diagram for a 1D movement in the Z axis (adapted from
[9]).

damage to the surface of the sample [13]. The oscillation amplitude is kept at a constant
level by a feedback loop which keeps the tip at a defined distance to the sample [10].

Having the cantilever oscillating, the change in amplitude correlates to surface
interactions, which explains the need for demodulation of the measured output [14].
This is often times done with the help of a dedicated lock-in amplifier [15] or after
digitisation [16]. In this configuration the Analog to Digital Conversion (ADC) speed
plays a critical and constraining role in the overall accuracy [17]. Tapping mode is
often times used in conjunction with a laser-based optical readout, which measures the
reflection of a laser beam pointed at the back of the cantilever [10]. Multi-segmented
photo diode sensors are widely used for picking up the signal, before before current-to-
voltage conversion and amplification with a Transimpedance Amplifier (TIA) [9].

High bandwidth AFM is needed for time variant sample surfaces e.g. in cells in
liquid samples in order to be able to record dynamic processes [18]. Biological samples
can be measured with sub-nanometer resolutions, while being in liquids such as propanol
or water [19]. Measurements on those samples are often done in the tapping mode, in
order to avoid damaging the surface of the sample [13]. This makes high-speed AFM,
which are capable of measurements in wet and electrically conductive environments
[13], an interesting topic for research e.g. [20], [21], [18] and opens the possibility for a
novel analog demodulation approach for laser-based tapping mode AFM setups.
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1.1. GOAL OF THIS THESIS

1.1 Goal of This Thesis

With the capabilities and constraints of state of the art AFM explained above, the
goal of this thesis is the design, implementation and measurement of a novel direct
demodulation approach for laser-based tapping mode AFM setups.

This is implemented by directly demodulating a tapping mode laser signal picked
up by a QPD with a variable gain amplifier, in a unit directly added to an existing AFM
setup. The aim is to achieve a high scanning bandwidth while keeping measurement
noise low, without the need of external lock-in amplifiers or additional circuitry. It
can also be used in liquids and only needs standard AFM with low, medium or high
self-resonance frequency cantilevers, as well as being capable of being used in a constant
gain mode for contact mode measurements. By the end of this thesis, an AFM head
should be assembled with newly designed and evaluated analog tapping mode laser
signal demodulation circuitry. It should additionally incorporate a custom laser driver
circuitry for testing and specifying the implemented design. The best option, in terms of
bandwidth and noise, to demodulate the signal, therefore modulating the TIA resistor
has to be analysed. The final design should then be measured and compared against
previous and similar works in the field. This can be summarised by

• Design and implementation of different analog demodulation designs directly in
the TIA

• Analysis of the existing measurement path and addition of necessary supplementary
circuitry

• Creation of a measurement setup with compatible AFM components

• Measurements and comparison to similar implementations

1.2 Outline

This work discusses the complete design and implementation of an AFM head with
tapping mode laser signal demodulation. It is achieved by implementation of a Variable
Gain Transimpedance Amplifier (VG-TIA) in conjunction with a low-pass filter which
directly demodulates the laser signal into an output voltage proportional to the cantilever
oscillation amplitude. To start, Chapter 2 lays out the state of the art of AFM, readout
modes, measurements modes and tapping mode demodulation. Chapter 3 describes the
theoretical backgrounds and goes into detail about sample preparation, noise sources
and possible voltage controller resistor designs. The proposed system is detailed in
Chapter 4, including explanations of the chosen parts for the electronics as well as the
laser path. In Chapter 5, the design and implementation of the real world hardware is
explained and shown, before the results are presented and discussed in the evaluation in
Chapter 6. This thesis concludes with Chapter 7 in which a summary and and outlook
for future works is given.
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CHAPTER 2

State of the Art

This chapter explains the important aspects of AFM, the relevant readout and measure-
ment modes as well as demodulation options. It is used in order to be able to design
and implement an AFM head as shown in fig 2.1 with the proposed tapping mode laser
signal demodulation and be able to compare it to other works. An in-depth analysis of
the relevant physical theories and practical constraints inferring from those are given
for each addressable section.

Figure 2.1: Picture of an AFM head from a Bruker MultiMode V with the laser path
for an optical beam deflection readout.
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2.1. CANTILEVER DEFLECTION READOUT

2.1 Cantilever Deflection Readout

The fundamental task in AFM is to control the distance of the scanning probe to the
sample, thus measuring its topography while scanning along its surface [1]. In STM
this is done via measurement of the tunneling current [22]. In AFM this is done by
keeping the interaction forces on the cantilever (=deflection) constant [1]. There are
many approaches on how to measure the cantilever deflection, the most common one
for commercial systems is Optical Beam Deflection (OBD) [23]. While many other
cantilever deflection readouts [24] have also been successfully implemented, the ones
based on the piezoelectric [25] or piezoresistive [24] effect, optical interferometry [26] as
well as capacitive [27] have been taken into comparison.

2.1.1 Capacitive

Figure 2.2: Cantilever deflection readout based on a micromachined cantilever with
integrated capacitive readout detection; (a) shows the readout principle
while (b) is a micromachined cantilever with such a capacitive plate shown
(adapted from [28]).

By adding an electrically conductive layer on the cantilever and a second static one
on top, as shown in Fig. 2.2, the changing capacitance can be used to measure physical
displacement. The used cantilevers are specifically micromachined for the task and offer
a low-cost option for many applications [28]. It is easy to use due to the possibility of
actuating the cantilever with an applied feedback signal [27]. With different setups and
constellations, thermal amplitude spectra with 400fm/

√
Hz at a cantilever oscillation

frequency of 243kHz were measured [29].

2.1.2 Interferometric

With the addition of a sensor based on a Fabry-Pérot interferometer, the cantilever
deflection readout can be done via fiber optic cables and an optic circulator [30]. This
method uses the multiple beam interference between the end of the fiber cable with a
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CHAPTER 2. STATE OF THE ART

dielectric reflector and the back side of a cantilever as shown in Fig. 2.3 (a) to achieve
deflection noise densities of 2fm/

√
Hz while using regular commercially available

cantilevers [26].

Figure 2.3: Optical readout approaches for cantilever deflection; (a) shows an Fabry-
Pérot interferometric sensor (adapted from [26]); (b) shows the most common
OBD with a four quadrant photo detector readout (adapted from [23]).

2.1.3 Optical Beam Deflection (OBD)

Since its first publication in 1988 by Meyer et al. [31], OBD has proven to be advan-
tageous in many cases while being relatively simple to integrate. The measurement
principle shown in Fig. 2.3 (b) consists of a laser beam directed at the reflective back
side of a cantilever and picking up the cantilever deflection as a change in the position
of the reflection on a Position Sensitive Detector (PSD) [23]. This PSD consists of two
vertically stacked photo diodes and the resulting currents are often times subtracted and
normalised to be independent of the total illumination of the sensor [32]. If this position
sensor is implemented as a QPD, not only the force normal to the cantilever can be
measured, but also the lateral force, by subtracting the left and right QPD currents,
which is then considered a friction force microscope [33]. Utilising this method, a noise
level for deflection below 4.5fm/

√
Hz at a bandwidth of 20MHz was achieved [34].

2.1.4 Piezo Based

Piezoresistive

A cantilever with an added strain-sensing sensors as shown in Fig. 2.4 (a) can be used as
a readout technique, while being compact in size and not needing optical transparency
of the measurement liquid. This strain gauge implemented in a bridge configuration
can achieve a noise level of 30pm with a measurement bandwidth of 20kHz [24].
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2.2. TOPOGRAPHY MEASUREMENT MODES

Figure 2.4: (a) shows a strain gauge sensor added to the cantilever in a bridge con-
figuration (adapted from [24]); (b) shows a piezoelectric tuning fork with
attached probe (adapted from [25]).

Piezoelectric

Using the piezoelectric effect which is present in quartz crystals and resulting in a
mechanical force being indicated by a proportional electrical signal, tuning forks, like
shown in Fig. 2.4 (b), have been used for reading cantilever positions. Implementations
of these quartz tuning forks have shown to have noise levels of 35fm/

√
Hz at a cantilever

oscillation frequency of 33kHz [25].

Summary

With the achievable noise and measurement bandwidths in mind, the different methods
for extracting the deflection of a cantilever, which in turn indicates the surface topology
of the sample, are evalueated. Due to the simplicity of the setup and ease in beam
alignment, OBD is the most commonly used technique in modern commercially available
AFM setups [23]. For this reasons, this work focuses on the OBD cantilever deflection
readout.

2.2 Topography Measurement Modes

While there are many measurement modes for AFM, which define under which conditions
the cantilever tip to sample interaction happens, for measurements of surface topography
three major modes have emerged [35]. In contact mode, the tip is dragging along the
sample surface, while non-contact avoids this by oscillating it near the sample and
just relying on Van-der-Waals forces. The combination of the former, the so-called
tapping mode, has the oscillating cantilever tip is barely touching the sample during
each oscillation cycle [36].
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CHAPTER 2. STATE OF THE ART

Figure 2.5: The three most widely used measurement modes for surface morphology
measurements with AFM with the cantilever movement direction and its
tip path indicated (adapted from [37]).

2.2.1 Contact

The AFM measurement mode shown in Fig. 2.5 works by having a cantilever with an
attached tip in direct contact with the sample surface. It was the first measurement
mode developed with the invention of the AFM. A feedback loop is implemented which
keeps the deflection of the cantilever constant while scanning along the sample surface.
This makes measurements simple to realise, but has the downside of gradual degradation
of sample and tip due to frictional forces [1].

2.2.2 Non-Contact

By having the cantilever oscillate near the sample surface without touching it, the
attractive Val-der-Waals forces pull the tip to the sample surface, therefore making
the structure measurable, this mode is called Amplitude Modulated Dynamic AFM
(AM-AFM) [8]. Due to these forces being smaller than those in contact mode, the
oscillation amplitude needs to be kept small to be able to measure changes in phase,
frequency or the amplitude of the cantilever, which is indicated in Fig. 2.5. However,
this requires a low-noise instrumentation setup and highly controlled environment.
While this method can be used non-destructively, it is in many cases not suited for
samples with a liquid layer on top making it only applicable for certain applications [9].

2.2.3 Tapping

Due to both contact and non contact modes having different downsides, the third option
as shown in Fig. 2.5 is called tapping mode. In this measurement mode, a feedback
system ensures that the tip of the cantilever is only lightly tapping the sample surface
for each cycle [10]. The resulting changes in amplitude or phase are used to determine
surface characteristics [38].

While the cantilever itself behaves like a damped forced harmonic oscillator from
Eq. 2.1 with F0 and ω being the amplitude and angular frequency, finding an expression
for the interacting forces from the tip to the surface FTS proves to be difficult. The
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2.3. TAPPING MODE DEMODULATION

other equation parameters are in order m, z, k, ω0 and Q representing mass, position in
z axis, force constant, angular resonance frequency and quality factor, respectively [38].

mz̈ + kz +

�
mω0

Q

�
ż = FTS + F0cos(ωt) (2.1)

The tip to sample interaction forces contained in FTS in Eq. 2.1 have been thoroughly
investigated and can generally be split into six groups, Van-der-Waals forces, capillary
forces, electrostatic forces, magnetic forces, ionic and Pauli repulsion forces as well as
frictional forces [33]. These forces are generally split into two regimes, attractive and
repulsive, the attractive ones predominate if the tip to sample separation is high and
vice versa below [39]. Combining all forces into the equation makes a solution difficult
to find, therefore different approximations were brought up, either ignoring certain
forces or combining them into simplified models, one such model is explained in 3.1.1
[33].

2.3 Tapping Mode Demodulation

Having the cantilever oscillate near its own resonance frequency and only lightly tapping
the surface proves to be beneficial for many measurements, specifically ones with soft
surfaces such as polymers or DNA-protein structures as it drastically reduces the damage
to the sample surface [39]. This results in many setups being built around this, with
the most commonly used readout method being OBD [40], Eq. 2.1 produces an output
current proportional to this with an added offset current and noise sources [41].

The resulting signal mainly consists of a high frequency oscillation with a changing
signal amplitude which is proportional to the tip to surface interactions, effectively
amplitude modulating (AM) it [10]. This makes the usage of a lock-in amplifier intuitive,
as it multiplies the resulting signal with the reference input of constant amplitude and
applies a low-pass filter in order to be able to extract the AM signal as explained in
Chapter 2.3.3 [42].

2.3.1 OBD Transimpedance Amplifier (TIA) Bandwidth and
Noise

Converting the output current of each QPD section from an OBD-based AFM into a
voltage via a TIA and calculating the necessary signals from there is the most common
technique [41]. The TIA as shown in an example configuration in Fig. 2.6 (a), uses the
gain resistor R to get an output voltage Vout linearly proportional to the input current
I, resulting in the simple Eq. 2.2 [43].
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Vout = RI (2.2)

With the stability of the TIA being imperative, a compensation capacitor Cf has
to be added for stability. The four parasitic capacitances that are detrimental to the
stability are the photo diode capacitance CPD, the summed up wire capacitance Cwire

and the two op-amp capacitances for common mode CM and differential Cdiff inputs
as shown in Fig. 2.6 (b) [40]. TIA stability is explained in depth in Chapter 3.1.5.

Figure 2.6: (a) TIA built around an operational amplifier with an attached photo diode
and the current I resulting from the incoming irradiation converted via the
gain resistor R to an output voltage Vout. (b) is the same circuit including
parasitic capacitances CPD, Cdiff , Cwire and CM as well as the feedback
capacitance Cf . (adapted from [43]).

Utilising this method, low noise cantilever deflection sensors with high bandwidths
have been researched and the typical deflection noise is largely dependent on bandwidth
and the measurement environment, e.g. in air vs. liquid or piezo vs. photo-thermal
excitation yielding a total sensor deflection noise density of 100− 1000fm/

√
Hz [44]

[40].

By realising a high-bandwidth low-noise AFM, measurements of dynamic processes
with high resolutions are made possible. This is important due to the lack of alternatives
for certain measurements like biological samples in liquid [43]. Results from [43] produce
a beam deflection sensitivity of 10fm/

√
Hz at a bandwidth of 8.6MHz in liquid

utilising a laser-based photo-thermal excitation system for the cantilever for the study
of ion organisation and hydration layers. The work of Rode et al. [44] implements a
1MHz TIA to modify a commercial piezoelectrically driven AFM system to achieve
10fm/

√
Hz in liquid. With a bandwidth of 64.5MHz in air, Steininger et al. [45]

managed to get 62fm/
√
Hz in a laser path measurement setup developed for AFM

usage by optimising laser power and choosing the right QPD and op-amp. By evaluating
noise sources and splitting noise performance into each contributing part, Mahmoodi et
al. [46] measured 107fm/

√
Hz with an op-amp TIA bandwidth of 22.6MHz.
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2.3. TAPPING MODE DEMODULATION

2.3.2 Translinear Amplifier (TLA)

With the implementation of circuits that use the linear correlation of transconductance
and collector current of bipolar transistors, current mirrors were implemented for OBD
readout [47]. The TLA circuit uses the fact that the oscillating cantilever is alternately
reflecting more light on the top and bottom two photo diodes of the QPD as shown in
Fig. 2.7 (a) and subtracting two output currents from each other as shown in Fig. 2.7
(c) before transimpedance amplifying the difference [41]. The TLA can be built around
a MOSFET based current mirror as shown in Fig. 2.7 (b) and features very few parts
which benefits its overall noise contribution [34].

Figure 2.7: (a) The oscillating cantilever reflects more light to either the top two QPD
cells A&B or the bottom two C&D; (b) TLA readout circuit with a MOSFET
based current mirror and an ideal op-amp based TIA; (c) Is a plot of the
two sinusoidal currents with an offset and their 180◦ phase shift shown in
addition with their difference fed into the TIA. (adapted from [34]).

With a TLA implementation as presented above, images of muscovite mica in liquid
with atomic resolution were achieved. Enning et al. managed to get to 4.5fm/

√
Hz

spectral noise density at a bandwidth of 20MHz [34]. An experimental verification of
an almost identical circuit by Alunda et al. managed to get a bandwidth of 10MHz
which proves this method to be well suited for AFM applications [41].

2.3.3 Lock-In Amplifier

A lock-in amplifier is an open loop synchronous demodulator which mixes two input
signals, to get a signal directly proportional to the measured oscillation amplitude [48]
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[49]. Most commonly, off-the-shelf lock-in amplifiers are used to demodulate the output
signal of a TIA or TLA, with the known cantilever excitation frequency as a second
input, for easy extraction of the cantilever oscillation amplitude and phase [14].

Figure 2.8: Lock-in amplifier functional diagram incl. phase and amplitude calculation
(adapted from [50]).

The inner workings of a lock-in amplifier are shown in Fig. 2.8 and can be mathe-
matically described. By applying the sinusoidal input signals VA from Eq. 2.3 and VB

from Eq. 2.4 which represent the TIA or TLA output and cantilever excitation input,
an output signal XI as shown in Eq. 2.5 is produced. This is then low-pass filtered
with a cut-off frequency lower than 2wo in order for X to be directly proportional to
the cantilever oscillation amplitude which changes the amplitude A(t) and phase θ as
shown in Eq. 2.6.

VA = A(t)sin(ω0t+ θ) (2.3)

VB = sin(ω0t) (2.4)

XI = VAVB =
1

2
A(t)(cos(θ) + sin(2ω0t+ θ)) (2.5)

X =
1

2
A(t)cos(θ) (2.6)

YI = VA
�VB =

1

2
A(t)(cos(θ − π

2
) + sin(2ω0t+ θ)− π

2
) (2.7)

Y =
1

2
A(t)sin(θ) (2.8)
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2.3. TAPPING MODE DEMODULATION

By demodulating the same signal VA with �VB which is phase shifted by −π
2
, as

indicated in Eq. 2.7, the resulting signal Y now includes a term sin(θ) instead of cos(θ).
This enables extraction of both amplitude R and phase θ with equations Eq. 2.9 and
Eq. 2.10 respectively [14].

R =
√
X2 + Y 2 (2.9)

θ = tan−1(
Y

X
) (2.10)

Lock-in amplifiers can also be implemented digitally which have the possibility to
facilitate many data processing steps in the digital realm. This includes tuning of the
ADC sampling frequency, predecimation filters for noise optimisation and multichannel
direct digital synthesis for interleaved data to increase the overall signal-to-noise ratio
[16]. This technique is demanding for the ADC sampling rate as well as its needed
resolution and accuracy [50].

Although lock-in amplifiers are the most widely used demodulation system for AFM
OBD readout circuits, the limited bandwidth combined with the need for external
hardware is limiting their usability spectrum. Other methods have been suggested
and implemented to circumvent this, but this is an actively researched field [14]. The
possibility for a new technique which directly implements the demodulation into the
TIA is proposed in this work.
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CHAPTER 3

Theoretical Background

This chapter explains the theoretical background for the proposed analog demodulation
with a Variable Gain TIA (VG-TIA). Also, the benefits of subtracting two or more
QPD signals to be able to implement a TLA as subtractor TIA are described as well
as the background and how those interact. This chapter should give an overview on
each proposed system block as well as the details on how it is supposed to work and its
relevant characteristics. Each block is backed by its necessary functional theory, which
embeds it in the larger framework. Applicational use cases are explained for the system
as a whole so that the theory can be easily put into practise.

3.1 Dynamic AFM

For many kinds of laboratories researching surface science, the AFM is a highly relevant
tool, mainly due to the ability to measure with accuracies of up to 10−10m [36]. Using
a dynamic method, such as the tapping mode, offers major advantages over the static
contact mode. While the latter needs to be in constant contact, therefore damaging
the sample surface, tapping mode can lessen this, while simultaneously having multiple
possible readout channels. This is due to the oscillation amplitude, phase and frequency
being measurable, compared to deflection and torsion for contact mode. Additionally
there is the benefit of being able to not only measure the resulting force on the cantilever,
but also the force gradient while moving to and from the sample surface [39].
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3.1.1 Tip to Sample Interaction

While the tip to sample interaction forces can be split into six groups, magnetic forces,
capillary forces, electrostatic forces, ionic and Pauli repulsion forces, frictional forces
and Van-der-Waals forces, not all of them are equal in their order of magnitude and
finding a mathematical solution including all of them has been proven difficult to find
[33]. Due to the complexity, a number of simplifications have been have been introduced
and modelled to describe different applications. One of those is the Derjaguin, Muller,
Toporov (DMT) model [51], which neglects the tip to sample contact energy dissipation
and describes low adhesion materials with hard surfaces and small tip radii to get the
short range repulsive forces. A different model incorporating the interaction forces
between molecules, shown in Fig. 3.3, is the Lennard-Jones potential [52]. Forces are
considered long range as soon as the tip to sample distance exceeds the intermolecular
distance a0.

Figure 3.1: Total tip to sample interaction forces modelled using Lennard-Jones potential
for molecular interaction forces (adapted from [9]).

Having the cantilever stick to the sample due to an overall attractive force can lead
to an instability in the oscillation. This can be avoided by a large enough cantilever
oscillation amplitude while supplying enough power to compensate for the losses in
each oscillation cycle. Operating the cantilever in a stable dynamic mode is important
for facilitating its advantages and choosing a fitting cantilever with the right quality
factor Q and force constant k is crucial [8].

3.1.2 Cantilever

The actual interaction between the AFM and its sample is based on the forces between
the cantilever tip and its surrounding structures. These forces explained in 3.1.1 are the
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defining factors for the design of a cantilever and its tip. Besides the rectangular design,
triangular cantilevers with cutouts in the middle, as shown in Fig. 3.2 are commonly
used as they offer different mechanical characteristics. The resonance frequency of
the cantilever is largely influenced by its length L, width a and height b as well as its
material. Silicon is commonly used which also benefits the OBD readout due to its
reflective surface [53]. Some manufacturers add a layer of aluminium to the back side as
coating to increase the reflectivity which accomplishes greater sensitivity in turn [54].

Figure 3.2: Triangular cantilever top and side view with its mechanical dimensions and
tip radius (adapted from [53] [55]).

With the tip radius R being the defining factor for minimum observable topograph-
ical features, it is indispensable to adhere to good measurement practises which avoid
its degradation. For sharp tips, it can be in the order of 4− 10nm and degrades while
being used in the tapping mode due to friction forces and plastic deformation [55].

3.1.3 Oscillation Amplitude and Phase

Using the tapping AFM measurement mode results in a practically sinusoidal output
waveform with the same frequency as the exitation source, while having a phase shift
between those two, and an amplitude depending on the mechanical parameters of the
setup and the gain of the transimpedance amplifier. Fig. 3.3 shows a dynamic AFM with
the relevant exitation input to the z-axis piezoelectric actuator and the transimpedance
amplified QPD output signal [38].

By looking only at the amplitude change of the output signal, a significant part
of the sample surface information can be lost. Forces acting on the tip that are
not proportional to topographical features like adhesion, plastic surface deformation,
electrostatic interactions and others result in measurement errors which can be reduced
by a phase measurement [56].

Implementing a phase and amplitude measurement is usually done after a lock-in
amplifier or similar implementation as indicated in Eq. 2.9. Lock-in amplifiers often
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Figure 3.3: Dynamic AFM with exitation and output waveforms pictured. The ampli-
tude and phase change of the cantilever oscillation due to different types of
surface to sample interactions is shown in yellow [38].

times have this mathematical operation for extraction already included and are therefore
the most widely used tool [11].

3.1.4 Four Quadrant Photo Detector (QPD)

To be able to choose the right PSD for an application, there are a certain parameters
to choose from. The most commonly used detectors, shown in Fig. 3.4 (a), are QPDs
consisting of four segmented silicon-based photo diodes separated by a small gap [45].
Each of those diodes can be split into its small signal equivalent circuit, as shown in
Fig. 3.4 (b) and consists of an ideal current IQ being generated by the pn-junction of
the photodiode, the dark current ID and parallel capacitance CP as well as the shunt
and series resistances RP and RS [57].

IX = IQ − Isat(e
qVbias
KBT − 1) (3.1)

The total output current IX for each photo diode is defined in Eq. 3.1, resulting in
the characteristic exponential output current curve. It can be obtained from the ideal
current IQ by using the saturation current Isat and bias voltage Vbias additionally to
the constant values for the electron charge q, Boltzmann constant KB and absolute
temperature T [57].

As the parallel capacitance is detrimental to the stability of the TIA, it needs to be
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Figure 3.4: (a) QPD with each quadrant and output current to show in (b) the small
signal equivalent circuit for a QPD and the corresponding currents (adapted
from [57]).

kept as small as possible. Modern QPDs are similar in their capacitances and, with a
bias voltage applied, result in values around 3− 20pF depending on the size of each
segment. While smaller segments result in lower capacitances, choosing a QPD of
sufficient size is important for setting up the measurement and aligning the incoming
laser light.

3.1.5 Transimpedance Amplifier (TIA)

The output of the QPD being a current proportional to the incoming irradiation, usually
in the order of 10 − 100µA, it needs to be amplified and converted into a voltage as
shown in Fig. 3.5. The parasitic input capacitance CS is detrimental to the stability of
the TIA, as it adds a pole to the transfer function of the system [40].

AN(f) = R · 1 + j2πfR(CS + Cf )

1 + j2πfRCf

(3.2)

Therefore the feedback capacitance Cf is added, to compensate for that and add a
phase margin. The noise gain Eq. 3.2 shows that the additional capacitance added is
making the noninverting closed loop voltage gain stable. Simplifying this to Eq. 3.3
defines the corner frequencies for the pole fp and the zero fz shown in Fig. 3.5. If
the corner frequency of this added pole is set higher than the open loop gain of the
op-amp, which defines the gain bandwidth product GBW , the TIA is not stable and
will oscillate. The resulting overall bandwidth of the TIA is defined in Eq. 3.4 [44].

AN(f) = R · 1 + j f
fz

1 + f
fp

(3.3)

BTIA =

�
GBW

2πRCS

(3.4)

18



3.2. SAMPLE PREPARATION

Figure 3.5: Non-inverting closed-loop gain for a TIA with parasitic capacitance CS and
the feedback capacitance Cf with the corresponding noise gain bode plot
(adapted from [58]).

3.2 Sample Preparation

In order to be able to measure sample surfaces with high accuracies, samples have to
be prepared and appropriate substrates have to be chosen. This proves to be especially
important for biological samples such as protein crystals, Deoxyribonucleic Acid (DNA),
biomolecules, cells and others [59].

3.2.1 Substrates

A substrate is chosen by analysing the sample properties and needed parameters. Its
surface needs to be smooth enough in order not to influence the measurement and still
be able to have the sample attached well enough for it not to move around due to the
forces applied by the cantilever tip.

While tapping mode AFM applies less lateral force to the sample as contact
mode AFM does, there have still emerged only a few different substrates which are
widely used in conjunction [59]. For a lot of samples, mica has been used, as well as
glass and silicon oxide [61]. DNA and nucleoprotein samples can use mica with ionic
treatment or metal cations to increase the sample to substrate connection strength, as
the negatively charged backbone of DNA does not effectively bind to the negatively
charged mica surface otherwise [62]. Muscovite mica can be produced in layers of 1nm
thickness and results in a negatively charged atomically flat surface [59]. An example of
muscovite shown in Fig. 3.6 clearly shows the size proportions of the hexagonally shaped
AlO3+ and SiO4+ rings including the basal oxygen atom bridges between them [60].
Hydrophobic substrates made out of highly orientated pyrolytic graphite (HOPG) can
also be atomically flat and are commonly used for particles that come in dry powders
[61].
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Figure 3.6: Muscovite surface AFM image showing the AlO3+ and SiO4+ hexagonal
rings with bridges created by basal oxygen atoms [60].

3.2.2 Immobilisation

Figure 3.7: Circular shape of DNA immobilised on a mica substrate with a cruciform
extrusion indicated with an arrow [62].

Immobilising the sample on the substrate can be done with different methods.
Especially for biological samples, applying them mixed in a liquid solution which
evaporates is often done. Measurements in liquid can be done by physically adsorbing
the sample onto a substrate like mica and for larger molecules, covalent binding can be
used with proteins like collagen being adhered using a cross-linker [59].

This process can deform the sample structure and for small feature sizes like
DNA molecules, tests have been implemented in order for these deformations to be
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accounted for. Imaging DNA with its circular shape can be achieved with this and
even the protruding cruciform structure marked with an arrow in Fig. 3.7 can be
clearly measured. With drastically offset DNA double helix pitches, post immobilisation
treatments like heated incubation have been shown to mitigate those effects [62].

3.3 Noise Sources

As the total noise of the setup is a limiting factor for the measurement sensitivity and
therefore the topographical resolution limit, knowing the components and their noise
sources is self-evident. They can be split into the following parts and should give an
overview of their importance [40].

3.3.1 Mechanical Noise

Mechanical vibrations and oscillations are inherent to all environments AFM setups are
situated in. They are usually filtered via multiple dampening and isolation elements.
Firstly, vibration isolated tables, which use heavy elements resting on pneumatically
actuated isolators, form the workbench for the setup to rest on. Additional isolation
elements made out of soft materials are used in conjunction with additional pneumatic
hoods for acoustic and vibration mitigation [43].

In the end, a compact and well designed mechanical head with the active mechanical
measurement loop fully enclosed inside is important to avoid the noise permeating the
outer layers and minimise their influence as much as possible [43].

3.3.2 Laser Source Noise

With a closed loop constant power semiconductor laser driver as proposed in 4.1.1,
the highest influence on its noise level is its output power in relation to the maximum
output power. Limiting the output power of a laser diode to a value below half of its
maximum, yields a drastically reduced output noise [23].

The reason for this is the mode hopping of the laser at higher output power resulting
in output intensity fluctuations as shown in Fig. 3.8 [23]. An alternative to that would
be to modulate the laser current at frequencies above 200MHz to operate it in a
multimode regime and suppress mode hopping wile also having a lower coherence which
helps with noise generated by optical interference on the QPD surface [43].
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Figure 3.8: Deflection noise density depending on the laser output power. Above a
threshold, the noise level increases significantly above the theoretical photo
diode (PD) shot noise, which is caused by the mode hopping of the laser
[23].

3.3.3 OBD Noise

The two biggest factors in the measurement noise of an OBD setup are the shot noise
from the photo diodes in the QPD and the Johnson noise created in the TIA gain
resistor. The former is created by the discrete nature of the incoming light particles
and electric charges, the latter by the thermally agitated electrons inside the resistor at
temperatures above 0K [23].

The shot voltage noise vshot can be modelled with Eq. 3.5, incorporating a gain
reduction factor ξPD which is frequency dependent and caused by the photo diode
junction capacitance as well as the TIA gain resistor R, electron charge e, light to
current conversion efficiency η, an attenuation factor for the laser power α as well as its
output power P and finally the total bandwidth of the setup B [23].

vshot = ξPDR
�
2eηαPB (3.5)

Voltage noise generated by the resistor is defined in Eq. 3.6 for each photo diode in
the QPD. The input variables different to the ones brought up in Eq. 3.5 are KB and
T , being Boltzmann constant and absolute temperature [23].

vj =
�

4KBTRB (3.6)
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3.4 Voltage Controlled Resistor (VCR)

In order to be able to integrate the functionality of a lock-in amplifier into a TIA to be
able to directly demodulate the cantilever oscillation amplitude and phase, the gain
resistor of the TIA must be changeable via an externally applied voltage signal. A
VCR is the missing element for this and different approaches for implementation are
considered in this section.

While there are many different approaches for resistors that can be controlled
via an external signal, only a few of them are viable for usage in a VG-TIA due to
their integrated Complementary Metal–Oxide–Semiconductor (CMOS) composition or
compulsory grounded implementation [63]. Some VCR implementations are based on
integrated circuits, like a multiplier and only need little external circuitry [64], but the
most common VCR is based on a junction field effect transistor (JFET) [65].

3.4.1 Integrated Circuit (IC) VCR

Figure 3.9: PG-TIA with integrated multiplexer for two different gain settings [66].

Programmable-Gain Transimpedance Amplifiers (PG-TIA) are integrated circuits
(IC) which have one or more inputs for gain selection. They switch different resistors and
feedback capacitors into and out of the amplification path via in internal multiplexer,
as shown in Fig. 3.9 to achieve different overall transimpedance gains [66]. To be able
to implement a VCR, there is the option to use an off-the-shelf PG-TIA and use the
gain selector inputs with external circuitry to choose a gain synchronous with the
demodulation input.

A similar implementation with an integrated circuit, which is able to dynamically
set the gain, uses the analog input of a multiplier chip. This offers a high linearity, but

23



CHAPTER 3. THEORETICAL BACKGROUND

has the downside of limited bandwidth [64].

3.4.2 Field Effect Transistor (FET) VCR

FET are used both in their linear as well as their saturation region to implement VCR.
FET can use the dynamic resistance of FET, which is proportional to the gate to source
voltage to implement this [67].

Junction FET (JFET)

The dynamic resistance rDS of a JFET in ohmic region is shown in Eq. 3.7. This
depends on the one hand on the physical dimension of the JFET, 2H, W , σ being
height, width and specific conductance of the channel and on the other hand on the
pinch-off Vp and gate to drain VGD voltages, of which the first is device dependent and
the second applied during operation [67].

rDS =
1

σ2HW

1

1−
�

VGD

VP

(3.7)

Figure 3.10: Drain current ID in relation to the drain to source voltage VDS of a n-
channel JFET for different gate to source voltages VG [68].

The resulting relation between the drain current ID and drain to source voltage
VDS is shown in Fig. 3.10 in dependence of the applied gate to source voltage VG. The
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linear region for different VG can be clearly seen, which proves the wide adaption of the
JFET in its ohmic region for VCR applications [67].

Metal–Oxide–Semiconductor FET (MOSFET)

Similarly to JFET, MOSFET can be used for VCR applications in their linear and
saturation region [69]. With the most commonly available n-channel enhancement
MOSFET, applying a positive voltage to the gate with respect to its source opens the
conducting channel, which is vice versa to the closing channel of the most commonly
used n-channel JFET with a negative VG being applied.

rDS =
1

β(VG − Vt)
(3.8)

With the MOSFET in its linear region, the output equation 3.8 for its dynamic
resistance rDS, is defined by physical parameters in the form of the gain factor β and
the threshold voltage Vt [67].

3.4.3 Photoresistor VCR

A photoresistor is an optoelectronic element which has a transfer function between its
resistance and a light intensity applied to its active area due to the internal photoelectric
effect [70]. Alternatively there is the photo-FET, which is a MOSFET with a gate
voltage applied by an incoming illumination. By implementing a device which shines
a defined amount of light produced by a light emitting diode onto a photoresistor or
photo-FET through the help of a light conductor, a galvanically isolated VCR can be
created [71].

Fig. 3.11 shows an integrated VCR with both photoresistor (b) and photo-FET (c)
outputs. Both of them are driven by the same light source Fig. 3.11 (a) [71].
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Figure 3.11: Integrated VCR with (a) a light source; (b) a photoresistor and (c) a
photo-FET [71].

3.4.4 Summary

Many of the proposed VCR techniques largely focus on ohmic linearity and possible
compensation methods for long term drifts and other inaccuracies [71], which is not
the main focus on the implementation for this works VCR. As the theory presented in
Chapter 2.3.3 for the lock-in amplifier suggests, a high difference in the maximum and
minimum gain and a bandwidth higher than the cantilever oscillation frequency is far
more important than the typical benchmarks. For this reason, the implementations
presented in Chapter 5.4 focus largely on the latter.
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CHAPTER 4

Proposed System

Equipped with the necessary theoretical background from Chapter 3 as well as the
available research that has been done and is considered state of the art from Chapter 2,
a new and improved system can be proposed. This is done through analyzation of the
optical path including all components involved in the measurement and signal acqusition.
From this point forward, the electrical subsystem is explored and the existing TIA as
well as the proposed VG-TIA explained and mathematically verified.

4.1 Optical Path

The laser setup including the laser source, driver, light path, QPD and TIA are a large
part of the total cantilever deflection noise density. Implementation of an OBD readout
circuit for the cantilever deflection offers various advantages such as the simple and easy
beam alignment and the straight forward setup design, which also results in it being
the most commonly used cantilever deflection readout. This includes the laser source
being a semiconductor laser, due to the additional complexity and cost of other laser
sources as well as choosing the right cantilever for a desired measurement application.
The state of the art TIA then converts and amplifies the QPD output currents into
proportional voltages [23]. This work utilises said method while implementing custom
circuitry to ensure high accuracy and fulfil the size constraints of the setup.

Alternative implementations with modulated laser currents have shown to result
in reduced interferences and measurement artefacts [72]. While this method could be
used, the additional circuitry and increased complexity of the system are a limiting
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factor. The major part of the interference is due to light being reflected off of the
sample surface, which can be compensated for and therefore a different approach for
noise minimisation can be chosen [23].

4.1.1 Driver

Designing a closed-loop low-noise laser driver is proposed to be the ideal solution for the
implementation and testing phase of this work. Two options were taken into account,
the first being a closed loop current control and the second a closed loop power control,
both shown in Fig. 4.1. While the first option would result in a simpler circuit with a
less expensive and readily available laser diode, small changes in temperature and other
environmental factors can significantly influence the output power of semiconductor
laser diodes, contributing to the noise [73].

Figure 4.1: Closed loop laser driver circuitry with current and power control; (a) shows
a current-controlled op-amp implementation with a laser diode LD and a
gain resistor R; (b) is a power-controlled circuit with an integrated photo
diode PD providing feedback FB from the LD amplified with the gain
resistor R.

In order to measure not only the laser current, but also the real output power,
a semiconductor laser diode with an integrated photo diode was evaluated and the
closed-loop power control circuit shown in Fig. 4.1 was chosen. This enables a higher
output power stability compared to the current controlled approach, while only using
a slightly higher amount of components in total. In order to keep the circuit from
oscillating, it’s closed-loop response must be stable. For this, a low-pass filter can be
added to the op-amp output depending on it’s Gain Bandwidth Product (GBW).

4.1.2 Light Path

Design of the light path from the laser diode, reflecting off the cantilever and back onto
the QPD plays an important part in the overall noise and resolution performance of
the AFM setup. The chosen semiconductor laser source has an output divergence and
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is collimated by a collimation lense which is placed directly after the source and before
the focusing lens. This enables a very well focused beam with minimal optical losses
due to unwanted reflections off the sample surface and dispersion [74].

In order to be able to know the maximum distance between the cantilever and the
QPD as well as the acceptable divergence to a certain cantilever deflection Eq. 4.1 defines
their relation. The intensity difference ∆I is defined as the difference between the upper
two intensities IA and IB and the lower two IC and ID as defined in Fig. 2.7. From this
the cantilever deflection ∆z can be deduced with the reflected beam divergence δ and
the cantilever length l [33].

∆I

I
=

(IA + IB)− (IC + ID)

IA + IB + IC + ID
=

6∆z

lδ
(4.1)

Figure 4.2: Laser path simulation with second focusing lens added to decrease the spot
size of the QPD illumination in order to be able to increase the sensitivity.
Beginning from the left, the first lens is collimating the highly divergent
diode laser beam, while the second is focusing it onto the cantilever. On the
bottom half a visual representation of the beam with the AFM components
is shown for reference [75][45].

An alternative to the boundaries defined by Eq. 4.1 is implementing a second
focusing lens after the laser has been reflected off the cantilever. This method shown in
Fig. 4.2 has several advantages, as the spot size of the light illuminating the QPD is
decreased. Therefore it is possible to make use of a smaller QPD, which in turn results
in a smaller parasitic capacitance for the TIA and increases the mechanical deflection
sensitivity of the setup [45].

In practice the laser beam shape produced by a diode laser is going to be oval
in its shape due to the semiconductor waveguide being rectangular in shape. This
so called astigmatism is dependent on the type of laser diode and can be corrected
by two cylindrical lenses placed orthogonal to each other. On the other hand, the
output intensity profile across the beam generally is Gaussian shaped and well suited
for focussed applications like OBD [75].
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4.2 Demodulation

Most dynamic AFM measurements use a lock-in amplifier explained in 2.3.3 as a basis
for the amplitude and phase measurement. Although this is a simple solution, it comes
with several major challenges especially for cantilevers with higher oscillation frequencies.
This has spurred the search for alternative demodulation techniques to achieve lower
noise, higher bandwidth or more easily implementable tapping mode AFM setups [76].

In order to be able to know what the necessary demodulation bandwidth should
be, it is important to know the desired cantilever and its parameters. Eq. 4.2 describes
how the maximum measurement bandwidth fBW , which correlates with the maximum
measurement speed and topographical sizes of a sample, is linked to the resonance
frequency ω0 and quality factor Q of the cantilever itself [77].

fBW =
ω0

4πQ
(4.2)

Figure 4.3: Adding a VCR to the TIA feedback path enables the TIA gain to be
dynamically adjustable.

Identical to regular lock-in amplifiers, the desired demodulation technique as shown
in Fig. 4.3 should therefore be able to have a bandwidth higher than the cantilever
resonance frequency as well as a low-pass filter cut-off frequency higher than the
measurement bandwidth. Additionally the resistance R should be able to be changed
dynamically with the resonance frequency of the cantilever to enable demodulation of
the current I produced by the photo diode.

4.2.1 VG-TIA

Fig. 4.4 (b) shows the novel approach for a VG-TIA, which makes the expensive and
bulky lock-in amplifier (a) obsolete enabling a direct demodulation of the QPD output
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current in the TIA. This major simplification enables an implementation with fewer
components which then in turn can reduce the challenges faced in tapping and other
dynamic AFM measurement modes which use high resonance frequency cantilevers for
high imaging bandwidths. The low-pass filter removes the additional 2ω component
from the signal, identical to the internal low-pass of the lock-in amplifier explained in
2.3.3 [76].

Figure 4.4: (a) State-of-the-art AFM setup with the QPD output current amplified
and converted to a voltage by a TIA and demodulated and filtered by a
lock-in amplifier; (b) Implementation of a novel laser signal demodulation
with a VG-TIA and low-pass filter instead of the fixed gain TIA and lock-in
amplifier.

The equation 2.6 for Fig. 4.4 (a) shows that the output of the lock-in amplifier
shown is proportional to the cantilever oscillation and both amplitude and phase can be
extracted via two demodulation phases as presented in Eq. 2.9 and Eq. 2.10 respectively.
This behaviour can be implemented with a VG-TIA, by using the equations below.
Eq. 4.3 shows one output current I from the QPD, which consists of an oscillating part
with the oscillation frequency ω of the cantilever and a phase φQ as well as a dynamic
part IQ, which is proportional to the oscillation amplitude, incorporating the tip to
surface interactions. By the devise of a time depended resistor R with an amplitude
RD and frequency ω identical to the cantilever oscillation, as defined in Eq. 4.4, the
output equation of a regular TIA is modified to include this as shown in Eq. 4.5.

With the addition of this variable resistor and by modulating it with the same
frequency as the cantilever, the output voltage UXi from Eq. 4.5 again has a term IQRD

proportional to the cantilever oscillation amplitude and phase identical to the lock-in
amplifier. The additional term with two times the oscillation frequency of the cantilever
can be removed with the simple low-pass filter shown in Fig. 4.4 (b) to have get to
Eq. 4.6.

Equations 4.7 and 4.8 use the same principal method, but apply a phase-shifted
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demodulation signal to the VG-TIA in order to get a phase-shifted output. Practically
this can be realised by using the left and right halves of a QPD as shown in Fig. 2.7 (a)
as separated inputs and demodulating them with two different VG-TIA and modulation
inputs. This enables the full usage of all four QPD cells while simultaneously avoiding
additional circuitry.

I = IQsin(ωt+ φQ)) (4.3)

R = RDsin(ωt) (4.4)

UXi = IR =
1

2
IQRD(cos(φQ) + sin(2ωt+ φQ)) (4.5)

UX =
1

2
IQRDcos((φQ) (4.6)

UY i = I �R =
1

2
IQRD(cos(φQ − π

2
) + sin(2 + φQ)− π

2
) (4.7)

UY =
1

2
IQRDsin(φQ) (4.8)

To be able to extract the cantilever oscillation phase φQ and amplitude IQ indepen-
dently, Eq. 4.9 and Eq. 4.10 are used with the input signals UX and UY which have
a phase shift of −π

2
in relation to each other. With this final calculation, the output

equations of a modulated VG-TIA are structurally identical to the lock-in demodulation
theory presented in Chapter 2.3.3.

IQ =

√
UX + UY

RD

(4.9)

φQ = tan−1(
UY

UX

) (4.10)

The resulting wave forms shown in Fig. 4.4 (b) visualise the equations above and
demonstrate the simplicity of this approach. Offsets and other non-ideal characteristics
have not been discussed and included in the equations above and can either be compen-
sated mechanically or in the circuitry. While the implementation of such a VG-TIA is
not a trivial task, as shown in the following chapter, the end resulting setup can be
used for many different AFM measurement modes and applications broadening the
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spectrum of available methods.

4.3 Proposed system Overview and Requirements

The novel AFM design proposed as shown in Fig. 4.5 combines and integrates the
aforementioned methods and design principles. It is a tapping mode measurement
AFM with an OBD cantilever deflection readout consisting of a constant power laser
driver for closed-loop diode laser control, which is collimated and focused with the light
path, terminating on a QPD. The attached VG-TIA demodulates and amplifies the
signal before a low-pass filter outputting a voltage proportional to the desired cantilever
oscillation amplitude acts as the final element.

Figure 4.5: Proposed AFM system design. The Z axis piezoelectric actuator induces a
forced oscillation into the cantilever at or near its own resonance frequency,
which is then picked up as a lateral movement on the QPD. The resulting
current can be demodulated via the VG-TIA and low-pass filter.

The advantages of the VG-TIA can be evaluated by the simpler setup, while the
OBD readout ensures an easy configuration of the mechanical parts and sample. By
being able to control laser power, cantilever position and movement as well as the
VG-TIA gain separately, each component can be tested and verified independently.
Implementation of this system and its chosen components is explained in detail in
Chapter 5 and results are shown in Chapter 6 highlighting the real world use-cases on
some example topographies.
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CHAPTER 5

System Design and Integration

With the necessary theoretical knowledge, a practical system can be designed and
integrated into an existing AFM setup. This application of the state of the art combined
with the proposed approach for a demodulation directly in the TIA via the VG-TIA
was done in several steps. Firstly two prototypes were built for testing and evaluation
of different VG-TIA, subtractor TIA and laser driver as well as the necessary low-pass
filter and power management circuitry. Each design was measured and compared to
the other available implementations before choosing the best combination of them.

5.1 Concept

In the end the design has to be able to fit into the existing head of a MultiMode V AFM
and interact with the available software and all features. For this, the newly created
hardware should be able to connect to the NanoScope 6 controller via the Signal Access
Module supplied by the manufacturer Bruker.

The proposed implementations were realised on two custom Printed Circuit Boards
(PCB) which were manually assembled and tested for functionality before use. Inte-
gration of the custom hardware into the existing software could achieved via a custom
measurement mode where the gain from the VG-TIA was set to be at a constant level
and deviations from that governed to be kept constant while measuring. The resulting
images and control errors are included in the evaluation in Chapter 6.
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5.2 Laser and Optical Path Implementation

The laser path and lens positions were constrained by the existing AFM head and
were measured and simulated to check their positions and possible mounting points for
additional lenses. The laser path shown in Fig. 5.1 shows the light beams being almost
perfectly collimated before being focused on the cantilever itself. Due to mechanical
constraints, the implementation of a second focusing lens was not implemented. A filter
to avoid stray illumination of the QPD is placed in front of it to only pass light near
the 640nm wavelength from to the red diode laser.

Figure 5.1: Laser path with diode laser output on the left being collimated and focused
to have the focal point on the backside of the cantilever before being reflected
onto the QPD.

5.2.1 Laser Driver

As the laser driver had to be used both in a constant output mode for measurements and
a modulated output mode for setting up and aligning the laser path, both laser drivers
shown in Fig. 4.1.1 were implemented. This offered the benefit combining the better
long term output stability of the closed loop power control with the fast modulation
speeds of the closed loop current control. This switchable controller is shown in Fig. 5.2
and was implemented on the prototype PCB shown in Fig. 5.6.

It is also important to control the power dissipation of the laser diode as output
wavelength drift and semiconductor degradation heavily influence the measurement
[75]. For this a aluminium fixture with heatsinking capabilities was created to facilitate
measurements running for a longer time or with higher output power .

5.2.2 Laser Setup

Setting up the mechanical path of the laser signal required the setup to have different
points for path adjustments. The three main ones marked in yellow in Fig. 5.3 are
required to be able to do the following steps. Firstly the cantilever is brought into
position so that the laser beam directly reflects off the end and is centred. Secondly the
laser is focused directly on the back of the cantilever as well as possible to avoid light
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Figure 5.2: Combined closed loop laser driver with power or current control.

being being lost on either side of the cantilever and reflected off the sample surface.
The third and last part is done by looking at the output currents of the QPD while
changing its position relative to the incoming beam. This then enables an identical
amount of light to shine on all four of its photodiodes removing static offsets in the
transimpedance stage.

Figure 5.3: Laser path setup with the three main points for mechanical path adjustments.

If the laser path is set up correctly, the laser should be aligned as indicated in
Fig. 5.4. In practice, the laser focus is constrained by the astigmatism of the output
beam, limiting the size and shape of the focal point and allowing some light to pass the
back of the cantilever. This unwanted behaviour can lead to changes in the sample and
result in distorted measurements due to this light spillage [78].
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Figure 5.4: Microscope image of a triangular cantilever with the ideal laser position for
a not perfectly focussed beam indicated in red and the length and width
dimensioned.

5.3 QPD Circuitry

The QPD as shown in Fig. 1.1 normally consists of four photodiodes with a common
anode or cathode. Each photodiode is a silicon semiconductor with an internal p-
n junction which has an inherent capacitance and a spectral response for different
wavelengths [79]. Choosing a QPD with a spectral response peak matching the laser
diode wavelength can be done by careful consideration of different parts. The inherent
capacitance on the other hand can not be changed and is proportional to the size of the
active area of the photodiode itself. There therefore is a trade-off between the size of
the QPD and the achieveable bandwidths for the TIA as explained in section 3.1.5.

A trick to lower the capacitance of the QPD is to decrease the size of the junction
capacitance inside the photodiodes. This is done by pulling the cathode of the QPD
to a potential higher than ground, effectively applying a reverse bias voltage to the
photodiode and reducing the junction capacitance [79]. This is done with the use of
a reference voltage as any fluctuations and noise is capacitively coupled through the
QPD to the input of the TIA and detrimental to the output stability of the circuit.

5.4 TIA with Variable Gain

The novel approach of implementing the demodulation of a OBD cantilever deflection
readout into the TIA is done by the means of a VG-TIA as explained in 4.2.1. The
most important part was finding a circuit that can effectively change the gain of a TIA
with enough speed and high enough difference between the highest and lowest gain
setting while still being able to maintain a linear proportionality between the input
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current amplitude change and filtered output voltage over a wide enough bandwidth.

Figure 5.5: Schematical representation of the setup with a VG-TIA and measured
signals for reference after each block of the system.

With equation 4.9 defining the how the theoretical behaviour of the VG-TIA should
look like, Fig. 5.5 shows a practical example of those. The topographical information and
movement along the surface can be effectively simulated via an amplitude modulation
of the laser current while exciting the z-axis piezo and VG-TIA near the resonance
frequency of the cantilever. The resulting output of the VG-TIA consisting of a signal
component with double the frequency and a component directly proportional to the
cantilever oscillation amplitude. The low-pass filtered output of this is then what the
equation above prompts and therefore the system is working as intended.

5.4.1 VG-TIA Implementations

A first prototype as shown in Fig. 5.6 was devised to facilitate five different VG-TIA
options as well as the aforementioned circuitry around. The power management circuitry
generates the needed bipolar power rails for the op-amps with linear regulators to add as
little noise as possible. The supporting components around the QPD output a reference
voltage for biasing it and a connector to be able to ground it for testing. The laser
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driver is implemented as detailed in 5.2.1 with an additional header for a capacitively
coupled input for biased AC operation. All five VG-TIA implementations are explained
below and their test and measurement results are summarised in Chapter 6.

Figure 5.6: Prototype PCB implementing the five different VG-TIA as well as the laser
driver, QPD reference and power management.

Resistor Multiplexing (MUX) VG-TIA

Figure 5.7: VG-TIA implemented with an integrated multiplexing circuit as pro-
grammable gain transimpedance amplifier.

Using the OPA3S2859 as dedicated programmable gain transimpedance amplifier,
this implementation would be the most integrated for any of the VG-TIA options
presented [80]. Its functional principle is shown in Fig. 5.7 and implementation in
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Fig. 5.6 (A) where three gain resistors Rmin, Rmid and Rmax with one feedback capacitor
each can be dynamically switched into the amplification path via two external inputs to
act as the gain resistor Rg. The resulting amplification range is split into three discrete
values defined by the resistors and shown in Eq. 5.1.

Vout = −I ·Rg (5.1)

N-channel JFET Based VG-TIA

Figure 5.8: n-channel JFET with supporting subtractor op-amp circuit forming a VG-
TIA.

Fig. 5.8 shows a VG-TIA with two gain resistors, one of which can be dynamically
adjusted by a parallel n-channel JFET with its physical counterpart being Fig. 5.6 (C).
To be able to apply a gate-to-source voltage externally via Vmod which is referenced to
ground, a subtraction amplifier is built into the circuit. The JFET can be used both in
its ohmic as well as the saturation region to be able to define its resulting resistance
RJFET both as an analog range and two digital steps. The output equation 5.2 shows
how the the two gain resistors Ra and Rb and the JFET resistance RJFET influence the
total current to voltage amplification gain.

Vout = −I · ( Ra ∗RJFET

Ra +RJFET

+Rb) (5.2)

Lights Dependant Resistor (LDR) Based VG-TIA

By using a galvanically isolated LDR pictured in Fig. 5.6 (B), the VG-TIA gain can
be changed as shown in Fig. 5.9. The LDR resistance can only be switched digitally,
but has the advantage of not coupling additional noise from the modulation voltage
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Figure 5.9: Modulation of one of the two gain resistors with a galvanically isolated LDR
to implement a VG-TIA.

Vmod into the output. This implementation uses two resistors Ra and Rb for the high
an low gain settings as shown in Eq. 5.3 to get an output voltage Vout proportional to
the input current I.

Vout = −I · ( Ra ∗RLDR

Ra +RLDR

+Rb) (5.3)

MOSFET Based VG-TIA

By shunting parts of the incoming current I to ground, the MOSFET based VG-TIA
can linearly change the amplification of the transimpedance amplifier. The feedback
capacitance is connected over the complete gain resistor network to ensure output stabil-
ity during switching and avoid possibly damaging current spikes through the MOSFET.
This implmementation schematically shown in Fig. 5.10 is easily distinguishable from
the others by its characteristic T-shaped feedback path.

Vout = −I · ( RaRb

Rc +RMOSFET

+Ra +Rb) (5.4)

The output equation 5.4 includes all three gain resistors Ra, Rb and Rc, and while
the former two define the maximum gain, the latter is responsible for the minimum due
to the small resistance of the MOSFET RMOSFET it its fully turned on state. Fig. 5.6
(D) depicts this in its physical implementation.
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Figure 5.10: MOSFET based VG-TIA with the characteristic T-shaped feedback net-
work shunting parts of the input current to ground.

P-channel JFET Based VG-TIA

Figure 5.11:

Replacing the n-channel JFET from the implementation shown in Fig. 5.8 by its
p-channel counterpart results in the simpler and overall easier circuit shown in Fig. 5.11
and real world implementation Fig. 5.6 (E). This is warranted by the fact that an
op-amp based TIA keeps its non-inverting input close to 0V which enables the gate-to-
source voltage Vmod not needing the subtractor circuit. This does not come without a
downside though, as p-channel JFETs have lower availability and higher voltage noise
for otherwise similar specifications [81] [82]. The mathematical correlation between the
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input current I and output voltage Vout is defined identically with Eq. 5.2 featuring Ra

and Rb as gain resistors.

5.5 2nd/4nd Order Low-Pass

The needed low-pass filter to remove the higher frequency components from the VG-TIA
output was realized in two stacked unity gain Sallen-Key topologies as shown in Fig. 5.12.
Each stage had two selection inputs to be able to switch four different resistors or
resistor combinations for cut-off frequencies between 10kHz and 1MHz with a total of
nine steps.

Figure 5.12: Low-pass filter in a Sallen-Key topology with switchable resistors to vary
its cutoff frequency.

The input voltage Vin of the low-pass filter could be selected to be the output of
each VG-TIA as well as an external signal for testing and verification of its frequency
response.

5.6 Subtracting TIA

With the implementation of a TLA in the form of a subtracting TIA as explained in
2.3.2, the sensitivity for cantilever oscillation amplitude changes can be increased. This
is due to the fact that a dynamic AFM measurement mode such as the tapping mode
results in an illumination pattern which is vertically oscillating around the centre of the
QPD. The subtraction of the resulting top and bottom signal from each photodiode
effectively increases the available signal amplitude while decreasing the signal to noise
ratio [34]. Two circuits that integrate this behaviour into the proposed VG-TIA have
been implemented as shown in Fig. 5.13 including a laser driver with power/current
modulation capabilities, QPD reference circuit, power management and the necessary
low-pass filter.
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CHAPTER 5. SYSTEM DESIGN AND INTEGRATION

Figure 5.13: Prototype for the two subtracting TIA implementations; (A) shows a
dedicated op-amp based subtractor VG-TIA; (B) is a current mirror with
an attached VG-TIA.

5.6.1 Dedicated Op-Amp

Combining two VG-TIAs into a circuit with a subtractor is shown in Fig. 5.14. This
dedicated op-amp based option enables the subtraction of the output voltages of each
VG-TIA has an additional signal amplification integrated in the second stage in parallel
with the subtraction. The physical implementation for this as pictured in Fig. 5.13 (A)
focuses on short traces for low capacitive coupling between the QPD and each VT-TIA
input.

The output voltage Vout as defined in Eq. 5.5 is dependent on both VG-TIA output
voltages Va and Vb amplified with by gain factor α defined by the resistor network
around the right op-amp shown in Fig. 5.14. Each VG-TIA voltage is dependent on the
photodiode currents IA or IC as well as the variable resistances Ra or Rb.

Vout = α(Vb − Va) = α(−IC ·Rb + IA ·Ra) (5.5)

5.6.2 Current Mirror

By subtracting the currents before amplification, the circuit shown in Fig. 5.15 imple-
ments a TLA similar to a solution proposed in ref. [34]. This solution has the downside
of missing the additional amplification factor as compared to the implementation shown
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5.6. SUBTRACTING TIA

Figure 5.14: Subtracting TIA implemented with two VG-TIAs and a dedicated op-amp
based subtractor circuit with additional voltage amplification.

in Chapter 5.6.1, but some outstanding advantages. Due to the limited output voltage
of the op-amp defined by its supply voltage rails which also directly influence its output
noise, amplifying only the current difference can be done with a much higher gain
factor. Fig. 5.13 (B) puts this idea into practise while also offering the same short low
capacitance traces for the QPD output as (A).

Figure 5.15: Subtractor TIA with current mirror based on the TLA design.

Vout = −(IA − IC) ·R (5.6)

This TLA uses two MOSFETs in a current mirror configuration which subtracts
the two currents IA and IC from each other before transimpedance amplification by
R via Eq. 5.6 to get Vout. The current mirror works by connecting both gates of the
MOSFETs to one of its drains, effectively coupling the drain currents to each other via
its gate-source voltage depencency.
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CHAPTER 6

Evaluation & Results

The implemented VG-TIA options, laser driver and subtracting TIA are tested and
their capabilities for real world application are evaluated. This is done on a Bruker
MultiMode V AFM as pictured in Fig. 6.1 with a NanoScope 6 controller and Signal
Access Module to connect the custom setup to the existing system. An Agilent 33500B
Series waveform generator is used in the setup to be able to control the VG-TIA gain,
the z-axis piezo and therefore cantilever position and the laser driver modulation input.

Both of the presented subtractor TIAs are tested and their results compared to
each other. They both feature implementations for MOSFET and p-channel JFET
based variable gain stages and are tested accordingly. For comparability, the results
shown are only depicting one configuration.

The implemented laser driver is used in the current controlled setting for band-
width measurements and a power controlled laser is used for the surface topography
measurements with samples.

6.1 System Characterisation

Fig. 6.2 shows the relevant connections from and to the MultiMode V AFM. The AFM
is set to contact mode and uses the filtered output from the VG-TIA as an input to
evaluate the distance from tip to sample and control the applied force in each tapping
mode cycle to stay constant. Both the VG-TIA and the piezoelectric actuator for the
z-axis are externally supplied by a sinusoidal waveform with the same frequency and a
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6.1. SYSTEM CHARACTERISATION

Figure 6.1: Picture of a Bruker MultiMode V AFM setup including attached microscope
for visual cantilever adjustion.

phase set to maximise the output sensitivity.

The additional connection from the waveform generator to the laser driver is only
used for testing and verification during the setup and specification. This is done in order
for a full bandwidth specification of the VG-TIA to be achievable without the need of a
cantilever with different resonance frequency for each data point and is schematically
shown in Fig. 6.3. It is not used during a regular measurement operation and the laser
power is set to a constant value chosen in the aforementioned process.

Initially all five presented VG-TIA implementations are measured, of which two
show the most promising results and are taken into closer consideration. The evaluated
VG-TIA behaved as described below.
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Figure 6.2: Connections between the unmodified NanoScope 6 AFM controller and the
newly implemented VG-TIA and associated parts. The connection between
the waveform generator and laser driver is for testing and not used during
normal scanning operation.

MUX VG-TIA

The resistor multiplexing implementation using the OPA3S2859 is not able to switch
resistors with high gain differences dynamically. The intended use case of this IC is
static gain switching to maximise the utilisation of ADC input ranges, therefore the
transimpedance bandwidth specified in the datasheet is without internal switches being
operated. For this application fast and periodical switching between selected gains via
the internal switches is necessary. Switch transition times specified in the dynamic
switching characteristics of up to 230ns are not reproducible in a cyclical switching
operation of the OPA3S2859. This is presumptively caused by the internal switching
logic limiting switching between gains to a sequential order, therefore making the IC
unsuitable to be used as VG-TIA.

N-channel JFET VG-TIA

While the n-channel JFET theoretically would have yielded a lower noise level and
easier sourcing, the additional circuitry is prone to oscillations due to the complicated
gate to source voltage subtraction. This subtraction inside the feedback path of the
VG-TIA as shown in Fig. 5.8 only allows stable operation with the addition of large
feedback capacitors which considerably limit the switching speed. Only static gain
settings are achievable with the circuit presented.
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Figure 6.3: Bandwidth evaluation setup for VG-TIA and laser driver measurements.

LDR VG-TIA

An LDR implemenation features the galvanically isolated TLX9175J with an LED and
photo-MOSFET optically coupled inside a package. This results in an independently
grounded demodulation input which avoids noise picked up by externally connected
cables to be coupled into the VG-TIA. Due to the large gate capacitance and slow
charge discharge speed on the detector side, this implementation is bandwidth limited to
approx. 2.5kHz. An additional external connection to this gate to be able to discharge
it more quickly would be necessary for higher switching speeds.

MOSFET VG-TIA

The T-shaped feedback path configuration inside the VG-TIA enables parts of the
incoming current being shunted to ground. With this configuration, the feedback
capacitance is across the complete feedback path and stable operation is possible up to
the expected frequency of approx 430kHz.

P-channel JFET VG-TIA

Due to the TIA configuration, the source voltage of the p-channel JFET already is
kept near ground. This enables a direct modulation input without additional circuity
and operation of the JFET in both its resistive as well as saturation region. With the
gate to source capacitance acting in parallel to the input capacitance, bandwidth of the
VG-TIA has to be limited by the feedback capacitance as defined by Eq. 3.2.
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6.1.1 Controlling the Transimpedance Gain

In order for the VG-TIA to work, the TIA gain needs to be chooseable by an external
signal. This can either be a digital input or an analog voltage and should result ideally
in resistances between 0Ω and ∞Ω. Practically, at least one order of magnitude should
be achievable for the demodulation to work. The values shown in Fig. 6.4 show that
for both the p-channel JFET as well as the MOSFET based implementation, this is
possible. The latter has a more gradual increase and can be sinusoidally modulated
within the linear region of operation. This proves the theoretical idea proposed in 4.2.1
to be practically implementable.

∆A =
Amax

Amin

(6.1)

Minimum gain for the p-channel JFET based VG-TIA is 0.023 for a modulation
voltage of 0V and maximum 3.84 for 10V . The MOSFET variant gains can be set
from 0.014 to 1.9. This means that ∆A, the ratio between the lowest and highest gain
defined in Eq. 6.1 is 166.96Ω for the former and 135.71Ω for the latter.

Figure 6.4: VG-TIA gain plotted as a function of the permittable input voltage range.

6.1.2 Fixed Gain Bandwidth

By keeping the VG-TIA set to a constant gain as shown in Fig. 6.5 (a) and frequency
modulating the laser current, the bandwidth of the current to voltage amplification is
measured. Both magnitude and phase are measured from 10kHz up to 4MHz with
the reference signal for the phase being the measured laser current.

The resulting bode plot in Fig. 6.6 has a clear cutoff frequency around 300kHz for

50



6.1. SYSTEM CHARACTERISATION

Figure 6.5: Setup for measuring the VG-TIA bandwidths; (a) shows the fixed gain
bandwidth; (b) evaluates the variable gain bandwidth.

both VG-TIA with a rising magnitude up to this for the MOSFET and declining for
the p-channel JFET VG-TIA. The phase is as expected up to this point, whereas it is
not reliably measurable and has spikes due to the small signal amplitude and resulting
phase measurement uncertainty.

Figure 6.6: With the variable resistor set to constant gain, the bandwidth of the VG-TIA
is plotted in relation to a frequency-modulated laser current.

6.1.3 Variable Gain Bandwidth

Only modulating the VG-TIA gain while keeping the laser current constant is shown
in Fig. 6.7. This Bode plot is acquired by keeping the laser current constant while
sinusoidally modulating the variable gain of the VG-TIA as shown in Fig. 6.5 (b). Both
implementations show a similar phase and magnitude curve shape, with the JFET
showing a lower frequency cutoff while maintaining a higher overall amplification. This
can be explained by the additional input capacitance in parallel with CS shown in
Fig. 3.5 introduced by the gate-source capacitance of the p-channel JFET.
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Figure 6.7: Bode plot for the variable gain bandwidth measured with a constant laser
output.

6.1.4 Subtractor VG-TIA Output Linearity

With the VG-TIA results in mind, the full setup is to be tested and evaluated if the
linear proportionality factor between the cantilever amplitude, which indicates tip to
sample interaction forces, and the filtered output voltage predicted by Eq. 4.9 is true.
For this, the subtractor VG-TIA is fed with a current generated by the QPD from an
amplitude modulated laser. As this has to be done within the setup, the cantilever is
exited at its resonance frequency without tip to surface interaction while the VG-TIA
is modulated with the same frequency. This measurement was done with the low-pass
filter set to a cutoff frequency of 10kHz and the amplitude of the demodulation input
of the MOSFET-based VG-TIA set to 8Vpp.

This is considered a critical step to prove the feasibility of the proposed tapping
mode laser signal demodulation. While the results shown in Fig. 6.8 are simple to grasp,
they prove this theory to be correct. The low-pass filtered output voltage Vout is linearly
proportional over a wide range of laser amplitudes, which in turn is proportional to the
cantilever deflection and therefore indicate the interaction forces from cantilever tip to
sample surface.

By using a linear regression model to fit a first order polynomial into the transfer
function, the maximum deviation from a fully linear proportionality can be calculated.
The maximum measured deviation from this model is 4.63% of the full scale output
for the current-mirror-based subtractor VG-TIA and 3.24% for the dedicated op-amp
based subtractor VG-TIA. However, for the AFM to operate in tapping mode this
curve does not need to be linear, as it is operated in a single operation point during
feedback. What is interesting is the sensitivity (i.e. slope) of the curve, which puts the
current-mirror-based subtractor VG-TIA ahead.
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Figure 6.8: Evaluation of the proportionality between the laser amplitude, which is
proportional to the cantilever oscillation amplitude, and the filtered output
voltage for both MOSFET based subtractor VG-TIA.

6.1.5 Summary

Evaluating the theory put up in Chapter 3 and explained in chapters 4 and 5, the
MOSFET-based subtractor VG-TIA proves this to be true and can be used for real
world AFM measurement applications. Both the variable gain bandwidth as well as the
fixed gain bandwidth are high enough to be used with high frequency cantilevers up to
300kHz, the high gain differential of over 130Ω enables useful demodulation without a
significant loss in measurement sensitivity and the highly linear overall laser amplitude
to output proportionality with < 5% maximum linearity error.

6.2 System Evaluation

With a fully characterized implementation, actual topographies of test-samples are
measured and shown in this section. For this, the triangular scanasyst− air cantilever
made by Bruker is used in the setup, which has a nominal resonance frequency of
70kHz and a Q factor between 100 and 500 and an overall length of 115µm [54]. The
cantilever is made out of silicon nitride and has a reflective aluminium coating of the
back side.

The available samples are first prepared by carefully cleaning the surface with
compressed air and preventing any other contamination from attaching to it before
inserting them into the AFM head and aligning them under the microscope. After this
the laser is focused and brought into position to reflect off the back of the cantilever as
shown in Fig. 6.9. The light reflected onto the QPD is then measured and the QPD is
moved so that the output current from each photo diode is identical.
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Figure 6.9: Camera view of the laser beam focused on the back of a cantilever.

6.2.1 Surface Topography Reference Measurement

To be able to evaluate the minimal feature sizes and reference resolution, a calibration
grating is measured. This V GRP − 15M artifact made by Bruker is platinum coated
silicon, has a pitch of 10µm and each pit is 180nm deep. The measured surface
topography is shown in Fig. 6.10 and has a resolution of 512x512 pixel. The small
bright dots on the image are dust and other contaminant particles, which can not be
removed by post-processing.

Figure 6.10: Platinum coated calibration grating, measured with the novel VG-TIA
laser signal demodulation. The topography is shown on the left and the
deflection measurement error on the right.

A zoom-in to one of the pits is shown in Fig. 6.11 where the same 512x512 pixel
resolution shows more details on the local step of the structure between the highest
and the lowest point of the sample. The rounded corners of each pit induced by the
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etching process of the sample manufacturing are also clearly visible.

Figure 6.11: Zoomed-in measurement on one of the calibration grating pits, topography
is shown on the left and the deflection measurement error on the right

6.2.2 Biological Sample Measurement

Biological samples are a widely used application for AFM measurements [83], two
of which are shown in this section. The images have been acquired using the setup
steps described above and can be used for comparison with other AFM setups and
demodulation techniques.

Collagen Fibre

The measurement of a biological sample is shown in Fig. 6.12, where a collagen fibre
is pictured. This fibrous protein is extracted from a rat tail and immobilised to the
substrate. Each fibrils has a prominent periodicity pattern of 64 to 67nm called D-band
periodicity [83]. The enlarged section in Fig. 6.13 is clearly showing those repeating
structures and even the round nature of the element itself can be seen.

Deoxyribonucleic Acid (DNA)

It is often times highly interesting to image DNA with high resolution microscopy
methods and due to its stability, DNA is even used as reference for AFM specification
[2]. Due to the diameters in the order of single nanometers, other optical microscopes
can not resolve it reliably. Measuring and displaying the helical structures of 1 to
2nm can be challenging and even minuscule deviation from the ideal setup, like a not
perfectly sharp cantilever tip can result in a failed acquisition.
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Figure 6.12: Collagen fibre with different strands measured with topography on the
left and the deflection measurement error on the right with the enlarged
section from Fig.6.13 marked in red.

Figure 6.13: Enlarged image of a collagen fibre with D-band periodicity clearly showing
on the left, deflection measurement error on the right.

Fig. 6.14 shows the strands of DNA and their structure with some the round
and knotted structures marked with white arrows. A single piece of contamination is
responsible for the highest point dimensioned at 13.7nm which visualises the amount of
care and accuracy needed to record such an image. The structires are almost invilible
in the deflection measurement error as the noise floor of the system is a limiting factor.

6.2.3 Evaluation Summary

In summary, the presented VG-TIA proves to be a viable alternative to the available lock-
in amplifier to demodulate an OBD readout signal with a dynamic AFM measurement
mode. The implemented system connects a custom laser driver with the analysed optical
path to the QPD. A total of five VG-TIA implementations with two subtracting TIA
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Figure 6.14: DNA image with some of the helical strands marked with white arrows
and the deflection measurement error on the right.

circuits have been tested and evaluated against each other to be able to choose the best
performing one. The presented sample measurements visualise these achievements with
DNA being the most pithy with its regular usage as resolution reference for commercial
AFM.
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CHAPTER 7

Conclusion

With an increasing availability of high frequency cantilevers, facilitating a growing field
of high speed AFM acquisition methods, the external demodulation of OBD readout
signals after transimpedance amplification is an highly interesting topic for research.
The need of expensive and bulky lock-in amplifiers can be a burden and simplification
of the measurement setup yields possibilities for better sample topography recordings
with higher resolution and lower noise.

The interaction forces between the cantilever tip and sample do not only result
in an amplitude change, but also in phase changes, which can be measured and
used to correct measurement errors caused by interfering forces like adhesion, spastic
surface deformation or electrostatic interactions. Different cantilever deflection readout
methods are explained and compared to each other in Chapter 2 as well as the available
measurement modes and the demodulation theory.

The novel approach of integrating the demodulation into the TIA, by the means of a
VG-TIA, the lock-in amplifier can be replaced by a simple low-pass filter, while getting
the same benefits of it as compared to other demodulation techniques without the need
of high sampling rate ADCs or other complicated additional elements. This novel idea
including the necessary analysis of the elements interacting with the measurement path
is explained in Chapter 3.

In the end a complete dissection and partial redesign of the measurement path
was done, including the optical path consisting of laser driver, light path, cantilever
reflection and QPD as well as the newly implemented VG-TIA with custom variable
gain circuitry and on-board low-pass filter in Chapter 5. Five different VG-TIA are
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compared and the two with the overall most promising results are brought up for testing
for which demodulation is possible up to 300kHz. The best suited one is integrated into
two subtraction VG-TIA circuits which in turn are tested and compared to culminate
in the MOSFET based subtracting VG-TIA used for the measurements on real samples
with gain differentials of over 130Ω. The remaining noise sources which can not be
removed and are kept as small as possible through a combination of multiple known
methods and design choices for best results.

A mechanical integration of the designed, manufactured, assembled and tested
hardware is done on the existing AFM setup for evaluation and specification of the overall
performance. The fully functional system is used for measurements of different biological
and non-biological reference samples which is presented in Chapter 6. Measurements of
DNA are presented as reference to other implementations with topographical feature
sizes smaller than 4nm.

In short, the idea of implementing a fully functional demodulation circuit directly
into the TIA works and proves to be a viable alternative to demodulation via lock-in
amplifier. The devised VG-TIA works well in conjunction with the also custom laser
driver, low-pass and subtractor circuitries. Permanently adding such a system to existing
AFM is possible and would save the need for external devices.

7.1 Outlook

This work proves the feasibility of a direct demodulation within the TIA, for which
there still are possibilities for improvement and reevaluation with newly available parts.

Firstly, testing and evaluation of other methods to change the gain of a TIA without
compromising the signal integrity as well as optimising the existing solutions for highest
possible differential QPD output amplification would be a straight-forward option to
broaden the project’s possibilities. Secondly, the integration of an additional focusing
lens, including a mechanical mount to quickly change the focus of the reflected light
on the QPD, could reduce its size and increase the bandwidth. A third possible
improvement could be achieved by adding the excitation waveform generator directly
into the circuit for easier handling and shorter overall cable lengths reducing the noise
coupled into the system from external sources.

Lastly, designing and manufacturing of a fully integrated circuit which includes one
subtractor VG-TIA design would be the most complex but best suited implementation
for commercialisation as well as improving noise and bandwidth specifications.
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1 Prototype schematics A
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4th order Sallen-Key low-pass
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2. PROTOTYPE SCHEMATICS B

2 Prototype schematics B
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4th order Sallen-Key low-pass
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CHAPTER 7. APPENDIX

3 Eidesstattliche Erklärung

Ich erkläre an Eides statt, dass ich die vorliegende Arbeit selbstständig und ohne fremde
Hilfe verfasst, andere als die angegebenen Quellen und Hilfsmittel nicht benutzt bzw.
die wörtlich oder sinngemäß entnommenen Stellen als solche kenntlich gemacht habe.
Zudem bestätige ich, dass keine künstliche Intelligenz (KI) für die Verfassung der Arbeit
bzw. für Teile der Arbeit zum Einsatz gekommen ist.

Peter Traunmüller Ort, Datum

4 Einverständniserklärung zur Plagiatsprüfung

Ich nehme zur Kenntnis, dass die vorgelegte Arbeit mit geeigneten und dem derzeitigen
Stand der Technik entsprechenden Mitteln (Plagiat-Erkennungssoftware) elektronisch-
technisch überprüft wird. Dies stellt einerseits sicher, dass bei der Erstellung der
vorgelegten Arbeit die hohen Qualitätsvorgaben im Rahmen der ausgegebenen der an
der TU Wien geltenden Regeln zur Sicherung guter wissenschaftlicher Praxis - "Code
of Conduct" (Mitteilungsblatt 2007, 26. Stück, Nr. 257 idgF.) an der TU Wien einge-
halten wurden. Zum anderen werden durch einen Abgleich mit anderen studentischen
Abschlussarbeiten Verletzungen meines persönlichen Urheberrechts vermieden.

Peter Traunmüller Ort, Datum
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