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Abstract

This thesis presents the design, fabrication and characterization of CMOS-based

cantilever sensor systems. Two different applications were investigated: canti¬

lever arrays for surface-stress sensing, targeted for the detection of biomolecules,

and cantilever arrays for atomic force microscopy (AFM). Both systems were

fabricated in a standard industrial CMOS process with subsequent micromachin-

ing. The sensors were integrated with electronic circuitry in order to form

high-performance, single-chip sensor systems with a high level of functionality
and flexibility.

Integrated piezoresistive sensor elements facilitate the integration with the

on-chip circuitry. In contrast to optical read-out, which dominates in canti¬

lever-sensor research, the integrated electronic read-out can be easily applied to

large arrays of cantilevers. For the AFM system, the integration of individual

height actuation is crucial for parallel multi-cantilever scanning.

Because of the on-chip, high-gain amplification, the sensor offset signals have to

be compensated in order to not saturate the subsequent signal-conditioning

stages. This was performed in both applications with symmetric Wheatstone

bridges and reference cantilevers. Additional offset compensation schemes were

also included in the circuitry.

The surface-stress sensor system features four crystalline-silicon cantilevers with

embedded piezoresistors. Both single-cantilever and dual-cantilever (where one

cantilever acts as a reference sensor) operation are possible. The on-chip circuitry
has a total gain of up to 67 dB and also includes low-pass filtering. The sensor

system has been characterized by mechanical deflection of the cantilevers as well

as by employing it for humidity and volatile-organic-compound detection based

on polymer swelling. The operation of the system in liquid environment has been

studied in order to prepare the system for the detection of biomolecules.

A thorough characterization of thermally actuated cantilevers was performed on

previously designed AFM systems. This served as a foundation for the design of

a new AFM system, which features ten scanning cantilevers with embedded pie¬
zoresistive force sensors and thermal bimorphs with integrated heaters for height
actuation. The analogue circuitry has a gain of up to 64 dB. Integrated, digital
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controllers allow individual, closed-loop operation of four cantilevers simultane¬

ously. The height and force data is transferred over a digital, high-speed interface.

Characterization of the cantilevers and the total system is presented along with

examples of scanned images.

Fabrication process development was undertaken to ensure a high fabrication

yield for the fragile cantilever structures. Packaging and interconnection issues

were studied in order to facilitate system integration and commercial application.
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Zusammenfassung

Design, Fabrikation und Charakterisierung von CMOS-basierten Cantilever-Sen-

soren stehen im Mittelpunkt dieser Arbeit. Dabei wurden zwei Anwendungen
untersucht: Cantilever-Arrays zur Bestimmung von Oberflächenstress für die

Detektion von Biomolekülen, sowie Arrays für Atomkraftmikroskopie (AFM).
Beide Systeme wurden in einem Standard-CMOS-Prozess gefolgt von zusätzli¬

chen Mikrofabrikationsschritten hergestellt. Dies ermöglicht die Integration von

mikroelektronischen Schaltungen mit den Sensoren, um leistungsfähige, monoli¬

thische Sensorsysteme mit einem hohen Grad an Funktionalität und Flexibilität

zu bilden.

Diese Integration wird durch die Verwendung von integrierten, piezoresistiven
Sensorelementen erleichtert. Im Gegensatz zu den in diesem Forschungsgebiet
immer noch dominierenden optischen Ausleseverfahren, lässt sich die integrierte,
elektronische Detektionsmethode leicht auf umfangreichere Cantilever-Arrays
ausdehnen. Für die Parallelisierung des AFM-Systems ist ausserdem die Integra¬
tion einer für jeden Cantilever individuellen Vertikalansteuerung notwendig.

Aufgrund der auf dem Chip integrierten, hochempfindlichen Verstärker ist eine

Offsetkompensation der Sensorsignale erforderlich, um ein Übersteuern der Ein¬

gangsstufen zu vermeiden. Für beide Systeme wurde dies durch den Einsatz sym¬

metrischer Wheatstone-Brücken mit integrierten Referenz-Cantilevern erreicht.

Zusätzliche Verfahren zur Offsetkompensation wurden direkt in der Schaltung

vorgesehen.

Der Oberflächenstress-Sensor verfügt über vier Cantilever aus kristallinem Sili¬

zium mit integrierten Piezoresistoren. Dabei ist ein Betrieb sowohl mit einzelnen

als auch mit paarweisen Cantilevern möglich; im letzteren Fall wird ein Cantile¬

ver als Referenz verwendet. Die dazugehörige Schaltung erreicht eine Gesamt¬

verstärkung von 67 dB und enthält einen Tiefpassfilter. Das System wurde

mechanisch durch Auslenken der Cantilever charakterisiert. Nachdem die Canti¬

lever mit einem geeigneten Polymer beschichtet wurden, Hess sich das System
ausserdem als Sensor für Luftfeuchtigkeit und für organische Lösungsmittel ein¬

setzen. Abschliessend wurde die Verwendung des Systems in Flüssigkeiten unter-
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sucht, um den Sensor in Zukunft für die Detektion von Biomolekülen einsetzen

zu können.

Für das AFM-System wurden die thermisch ausgelenkten Cantilever einer Vor¬

version des Chips eingehen charakterisiert. Dies bildete die Grundlage für das

Design des neuen AFM-Chips, der mit zehn Sensorcantilevern mit integrierten,
piezoresistiven Kraftsensoren und thermischen Bimetallaktoren mit eingebauten
Heizern ausgestattet ist. Die analoge Verstärkung beträgt hier 64 dB. Integrierte,
digitale Regler ermöglichen die Steuerung in Rückgekopplung von vier Cantile-

vern gleichzeitig. Die gewonnenen Höhen- und Kraftinformationen werden über

ein digitales Hochgeschwindigkeits-Interface nach aussen übermittelt. Eine Cha¬

rakterisierung der Cantilever und des Gesamtsystems wird mit einigen Beispiel¬
scans erläutert.

Parallel zu den beiden Projekten wurde der Herstellungsprozess für eine bessere

Ausbeute der zerbrechlichen Cantileverstrukturen weiterentwickelt. Aspekte der

Aufbau- und Verbindungstechnik wurden untersucht, um die Systemintegration
und Kommerzialisierung zu ermöglichen.
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1.1 Microsensors

1 INTRODUCTION

1.1 Microsensors

Sensors are devices capable of detecting physical or chemical quantities, such as

light, temperature, pressure or gas concentration. Using modern fabrication tech¬

niques, often adapted from the microelectronic industry, a new generation of sen¬

sors with dimensions in the micrometer range has emerged. These sensors offer

high sensitivity and accuracy at low manufacturing cost. Low power consump¬

tion and small size are other inherent advantages of this technology, often

referred to as microelectromechanical systems (MEMS). In addition to replacing
old sensor systems, microsensors find new applications in all aspects of modern

life: from household appliances and entertainment products, to medical technol¬

ogy and security detectors, to space probes for interplanetary exploration.

The combination of microsensors and miniaturized electronic circuitry allows,
for instance, the cellular phone in our pocket to carry a camera, the wrist-watch to

include a pressure sensor and a computer mouse or joystick to use a motion

detector. Inside our cars, a micro accelerometer reliably detects collisions and

triggers air-bag release, while sensors inside the tires alert the driver of a dimin¬

ishing tire pressure. Microsensors are also finding their way into medical applica¬
tions, with promise of small, fast and easy-to-use equipment and new methods

for early diagnosis and treatment.

The modern electronic industry is dominated by the complimentary
metal-oxide-semiconductor (CMOS) technology. CMOS chips are mass-pro¬

duced at low cost, consume little power and are consequently found in every

computer as well as most other electronic equipment.

Monolithic co-integration of microelectronics and microsensors in CMOS tech¬

nology has been successfully demonstrated [Baltesl996]. This allows industrial

sensor fabrication at low cost and high precision in existing manufacturing facili¬

ties. The sensors can be tightly integrated with the electronic circuitry, creating
smart sensors with a high degree of functionality on a single chip.
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1 Introduction

A whole family of microsensors is based on mechanical cantilever structures.

These microcantilevers act as high-sensitivity transducers converting one physi¬
cal quantity into another. For instance, a microcantilever for atomic force micros¬

copy (AFM) translates a force on the cantilever tip into a deflection. For a

vibrating cantilever, the force changes the cantilever's resonance frequency. In

chemical and biochemical microcantilever sensors, the binding between an ana-

lyte and the cantilever surface changes the surface stress or the mass of the canti¬

lever, which results in bending or change of the resonance frequency,

respectively.

1.2 MOTIVATION OF THIS THESIS

AFM Cantilever Systems

In the field of AFM and other probe microscopy techniques, passive cantilevers

in combination with an optical read-out are the norm. Self-sensing cantilevers

that integrate piezoresistive or piezoelectric force sensors offer an alternative to

the optical read-out and have recently become commercially available

[Veeco2005J. Integrated actuation of the cantilevers using piezoelectric layers or

thermal bimorphs has been used to speed up the topology tracking of the canti¬

lever tip and hence allow for faster scanning [Minne19981. The combination of

integrated sensor and actuator elements greatly simplifies the development of

cantilever arrays [Minnel9991. Use of multiple cantilevers in an array can speed

up scanning through parallelization, widen the scanning range and provide

redundancy LStaufer2000].

The complexity and cost of fabrication, the demanding set-up and the operation
of these array systems have so far been a hindrance to commercial development
and wide-spread use.

The work in this thesis was focused on the use of standard CMOS technology in

in order to develop cantilever arrays for AFM with high functionality at low cost.

Fabrication, packaging and integration of electronics were developed towards an

easy-to-use, one-chip solution providing the core of a versatile, high-perform¬
ance AFM system.
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1.3 Summary of Major Results

Cantilever-Based Biochemical Sensors

There is an increasing interest in the development of cantilever-based sensors for

detection of biomolecules [Thundatl995, Wu20011. As for microscopy cantilever

systems, the optical read-out schemes are dominating LBattiston2001J. A few

examples of integrated piezoresistive detection have been developed

[Thaysen2001 ]. Many of the advantages of sensor integration are shared with

AFM systems, for example, the straight-forward extension into sensor arrays.

Arrays of cantilevers can be used to simultaneously probe for multiple analytes
as well as to increase the signal-to-noise ratio by providing reference cantilevers

[Boisen20001. A large part of the research performed in this area relies on the use

of modified AFM cantilevers, which are not optimized for the detection of sur¬

face-stress changes induced by biomolecular reactions. There is still a lack of

optimized sensor and cantilever designs for the mechanical detection of ana-

lyte-surface binding.

In the scope of this thesis, new sensor array systems were developed for the

detection of surface stress. CMOS technology was the method of choice for the

sensor development, which would also allow downstream commercialization and

mass-production. The envisioned product would be a compact medical diagnosis

system.

Outline

This thesis presents the development, fabrication and characterization of two can¬

tilever-based sensing systems. The surface-stress sensing system is discussed in

Chapter 3 and the AFM array system in Chapter 4. Since both systems are based

on microcantilever arrays with piezoresistive read-out, they share a common part
of theory and design considerations. This is presented in Chapter 2, where also

some fundamental differences of the two sensor functions are explained.

1.3 Summary of Major Results

CMOS-Integrated Cantilever System For Surface-Stress Sensing

A novel platform for the detection of surface-stress changes has been developed,
fabricated and characterized (see Fig. 1.1a). The system benefits from standard,

industrial CMOS technology to integrate the sensor elements. The sensors are

combined with on-chip electronic circuitry to achieve low-noise performance and
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1 Introduction

Fig. I.!; (a) CMOS-integrated system for surface-stress sensing including an

array of cantilevers and signal conditioning circuitry. The chip meas¬

ures 3.9 mm x 2.7 mm, (b) Detection of volatile organic compounds:
Ethanol in concentration steps from 600 ppm to 3600 ppm (see

Section 3.6.4).

a high degree of flexibility. Various configurations of sensing layers and reference

cantilevers have been implemented, including fully symmetric Whcatstonc

bridges for reduced sensor offset. The system is targeted for "biosensing" - the

detection of specific biomolecules, but can also be used for a variety of related

surface-stress experiments. This has been demonstrated by the detection of vola¬

tile organic compounds (see Fig. 1.1b) as well as by humidity sensing.

CMOS-Integrated AFM Cantilever Array System

Cantilever arrays for atomic force microscopy were developed and integrated
with on-chip electronics to form a complete AFM system (see Fig. 1.2a). The

possibilities of standard, industrial CMOS technology were exploited to achieve

a high level of functionality at low cost. The cantilevers include piezoresistive
force sensors and thermal actuators. The on-chip circuitry includes digital,

closed-loop controllers to enable, e.g., constant-force mode microscopy or

force-distance measurements for surface chemistry analysis. The processing

capacity of the digital signal processing unit is 16 million arithmetic operations

per second. Fully integrated signal processing and a digital interface reduce the

need for external components and simplify the system integration.
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1.3 Summary of Major Results

Fig. 1.2: (a) CMOS-integrated AFM system including an array of cantilevers

and control circuitry. The chip size is 7 mm x 10 mm. (b) Image

(scanned in constant-force mode) of a dried-out network of chicken

neurites (see Section 4.5.5).

A comprehensive characterization of the thermal actuation was performed to tai¬

lor the control circuitry. Suppression of sensor offset was implemented by a novel

reference cantilever structure. An example of an image scanned in constant-force

mode is shown in Fig. 1.2b.
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2.1 Introduction

2 CMOS Cantilever

Sensors

This chapter gives a general overview of cantilever-based sensors, their applica¬
tion and the technology involved. The theory and design considerations discussed

provide a base for the particular implementations presented in the following
chapters.

Although the cantilevers used in both applications, AFM microscopy and sur¬

face-stress sensing, share a bulk of common background and theory, fundamental

differences in their sensing mechanisms will be highlighted and will justify dif¬

ferent design approaches. Some design considerations will be left for the appro¬

priate chapters.

A summary of the theory of the piezoresistive effect and cantilever mechanics

relevant to both applications will be followed by numerical simulations to exem¬

plify important results. Finally, some general notes on fabrication will be given.

2.1 Introduction

2.1.1 Application of Cantilever-Based Sensors

Cantilever-based sensors have found their use in physical sensing, scan¬

ning-probe microscopy, as well as in chemical and biological sensing. Although a

cantilever sensor can have any size, the focus of this overview is on microsensors

with feature dimensions in the micro- and nanometer range.

The breakthrough in their wide-spread usage came with the development of

atomic force microscopy (AFM). After the invention of scanning tunnelling
microscopy (STM) in 1981 [Binnigl982J which is based on the measurement of

the electrical tunnelling current from a sharp tip to a (conducting) surface, AFM

evolved as a way to also scan non-conducting surfaces [Binnigl986]. Here the

contact (or near contact) force between a tip and a surface is measured. Long,
thin cantilevers with low stiffness are used to translate the small force acting on
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2 CMOS Cantilever Sensors

the tip at the end of the cantilever into a detectable (static) deflection. In the case

of resonant (or dynamic) mode operation, the change of the vibrational resonance

frequency caused by the tip-surface interaction is detected. A whole family of

force-microscopy instruments uses cantilevers, and there is a large choice of

commercially available (mainly passive) cantilevers for this purpose

[Vecco20051.

Chemical and biological sensors require a sensing layer on the cantilever. The

layer, often an application-specific coating, absorbs or interacts with the analyte
in question and changes the properties of the cantilever. For instance, a change in

the resonance frequency can be induced by the added mass of the bound or

absorbed analyte [Thundatl995J. A change in surface stress can change the stiff¬

ness and hence also affect the resonance frequency [Chen1995] or it can create a

static bending of the cantilever [Wu2001J.

Some acceleration sensors (a microsensor application having a wide commercial

exploitation) are also cantilever based, where a lumped mass on the cantilever's

free end acts as an inertial mass and deflects the cantilever as the microsensor is

subject to an acceleration [Ningl995, Sensonor2005].

Related to probe microscopy, there is also the use of cantilevers in micro-litho¬

graphy and micro-manipulation, where the cantilever is moved over the surface

and interacts with it in order to leave a defined pattern [Eiglerl990J. IBM's Milli¬

pede project LVettiger2002J is using arrays of cantilevers which thermally read

information from and write to a flat polymer surface. In the last example, the

mechanical properties of the cantilever play a less prominent role.

2.1.2 Sensing Methods

To be able to measure the response of the cantilever in a sensor system, a detec¬

tion principle has to be chosen. The first AFM systems, derived from STM, used

the tunnelling current between a conducting cantilever and a sharp, conducting

tip held close to it, to monitor the deflection of the cantilever. The use of optical
read-out schemes, where a laser beam is reflected off the cantilever and into a

multi-cell photodetector that records the deviation angle, is currently seen in

most applications. Sub-nanometer deflections can be detected by such methods

[Meyerl988J, but they often involve tedious alignment of the optics and issues

when operating in media of different opacity and diffraction index. Interferom-
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2.1 Introduction

etry and diffraction patterns are also used to enhance the deflection sensitivity

[Savran2003J.

Capacitive read-out can be realized by measuring the capacitance between the

cantilever and a fixed counter-electrode [Ghatnekar2005]. Potential sticking of

the electrodes complicates this approach, and it is not well suited for liquid oper¬

ation LVillarroya2004J.

Integrated piezo-electric or -resistive elements are increasingly being used, for

instance in AFM [Veeco2005]. Especially silicon sensors, where piezoresistive
elements can be easily fabricated by doping, are suited for such integration. This

allows for liquid operation, eased integration with electronics, low power con¬

sumption, and finally avoids the need for external components such as lasers and

photodetectors.

2.1.3 Actuators

Active cantilevers, for instance for resonant systems or integrated force-feedback

solutions, need an actuating principle. Magnetic actuation often features a current

loop fLange2003] or magnetic material [Han 1996] in the cantilever immersed in

a magnetic field. Electrostatic actuation can be applied in gas and vacuum opera¬

tion rGhatnekar20051, generally with the same limitations as for capacitive sens¬

ing. Piezoelectric elements have been integrated in fast-response AFM

cantilevers [Minnel998]. Thermal actuation often profits from the bimorph
effect, where the cantilever is heated, for instance by the current in an integrated

heating resistor or by laser illumination, and the different thermal expansion
coefficients of the layers in the cantilever create a resulting deflection

[Brand 1992].

2.1.4 CMOS Integration

CMOS is the dominant technology in mass-produced electronics. High volumes

and strong competition bring the prices down while the performance of the inte¬

grated circuits keeps improving steadily. The monocrystalfine silicon used in

CMOS technology has also excellent, well-defined mechanical properties. Com¬

bined with the possibility of creating mechanical structures and devices using
microfabrication technology, this has made silicon a successful building material

for microsensors. The integration of sensor fabrication with standard industrial

CMOS processing has shown to be a promising way of producing reliable and

versatile microsensors [Parameswaranl989, Baltes 1996]. The availability and

13



2 CMOS Cantilever Sensors

low unit price of commercial CMOS production and the advantages of integrated
electronic circuitry allow for mass production of sensors with high functionality.

Elements of the CMOS process, originally established for the realization of tran¬

sistors, resistors and other electronic components can, either by themselves or in

combination with subsequent post-processing, provide sensor elements. The

CMOS transistor source-drain diffusion (also used for resistors) has piezoresis¬
tive properties and can therefore be used as piezoresistive elements. This also

applies to the deposited polycrystalline layers, traditionally used for resistors and

capacitors as well as the transistor gate electrode. The n-well that encloses

p-channel transistors can be used as an etch-stop layer during anisotropic silicon

etching performed as post-processing |Miillerl998]. The combination of silicon

and metal layers can constitute bimorph elements for thermal actuation, with

heating resistors integrated in the silicon. Some layer characteristics of a com¬

mercial CMOS process are summarized in Table 2.1.

Tab. 2.1: Process parameters from a commercial 0.8 pirn, double-metal CMOS

process (courtesy of austriamvcxosystems, Graz, Austria). (TCR =

temperature coefficient of resistivity)

Device layer .

Example usage

in sensor design

Thick¬

ness

(//m)

Sheet

resist-

Min.

width

ance (Q) (jtm)

TCR

(10"3 K"1)

n-well

n+ diffusion

p+ diffusion

polysilicon

metal-1

metal-2

mechanical

structures

piezoresistor

piezoresistor,
mech. struct.

bimorph, sacri¬

ficial etch layer,
current loop

3.50

0.40

0.40

0.42

0.6

1.0

1200

25

40

23

0.07

0.04

5.0

2.0

2.0

0.8

1.4

1.6

6.5

1.8

1.7

0.9

3.0

3.0
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2.2 Piezoresistive Effect

2.2 Piezoresistive Effect

All materials exhibit, at least to some degree, a piezoresistive effect, that is, the

resistivity is changed as a function of the stress in the material. This is in part

owing to strain and geometrical changes like elongation or reduction of the cross

section, but for some materials the effect is much stronger. Typically, semicon¬

ductors have a strong piezoresistivity, which can be explained by the changes in

the energy band gap as the crystal lattice is deformed resulting in a change in car¬

rier mobility and carrier density.

2.2.1 Piezoresistive Tensor

The resistivity in a solid is in general a second rank tensor p connecting the cur¬

rent density vector J and the electrical field vector E:

E= pJ (2.1)

In the linear approximation, considering small stresses, the piezoresistivity jt, a

tensor of fourth rank, links the stress tensor a (of second rank) to the (change of)

resistivity tensor p:

^=
jto, (2.2)

Po

where p0 is the resisivity in absence of stress. Due to the symmetry of the stress

tensor, the number of independent coefficients of the tensor jt is at most 36. In

the case of monocrystalline silicon (as well as germanium), the symmetry of the

crystal lattice further reduces this number to 3, often referred to as jt,, , jt12 and

jt44 (engineering notation).

2.2.2 Crystalline Silicon

The devices presented in the following chapters have been fabricated on standard

CMOS wafers, where the wafer surface is a (100) plane of the silicon lattice. The

straight edges of the fabricated cantilevers have <110> orientations.

15



2 CMOS Cantilever Sensors

Measured values of the piezoresistive coefficients jt,-,- of low-doped silicon, in an

orthogonal coordinate system aligned with the crystallographic axes, are shown

in Table 2.2.

Tab. 2,2: Piezoresistive coefficients JT,y (10 Pa1) of low-doped

crystalline silicon at room temperaturefor a coordinate sys¬

tem aligned with the principle crystallographic axes

[Smithl954].

JT j j JT ] 2 JT44

p-type 6.6 -1.1 138.1

n-type -102.2 53.4 -13.6

The equivalent values jr';y for an arbitrary orientation can be found by coordi¬

nate transformation [Bao2000]. By choosing x, y, z along [110], [110], [100J, the

expressions of resistance change for p-type resistors aligned along some typical
straight and diagonal axes can be expressed as in Eqns. (2.3-2.6). The propor¬

tional, numerical expressions (b) are included for easier comparison of magni¬
tudes and have the unit 10"" Pa"1 omitted from all terms. For clarity the term

jT,2azz, which is negligible for surface resistors, has been omitted from all

expressions.

[110] along x axis: f - (*"
+

^
+

**) axx + (*"
+ *»'

*«) oyy (2.3)

-(71.6)0« +(-66.3 )aw (2.3b)

rum 1
Ai? /JTH + JTI2-JT44\ /JT,, + JT12 + JT44\

[110] along y axis: — =

^ 2 ^joxx
+

^ ^ ^joyy (2.4)

~(-66.3)a„ +(71.6)0^ (2.4b)

[010] x y ofsame sign: —- = ( "

12) (oxx + oyy) + (jt,, - xl2)oxy (2.5)

- (2.75)(a,, + oyy) + (3.85)0^ (2.5b)

16



2.2 Piezoresistive Effect

[100] xy opposite sign: — = ("" ^ (oxx + oyy) - (jt,, -%n)oxy (2.6)

~ (2J5)(oxx + oyy)-(3.S5)oxy (2.6b)

Some observations can be made from the above expressions. For [110] and [U0]
directions (horizontal and vertical to the primary flat of the (100) wafer) the shear

stress component oxv does not contribute to a change of resistance. The coeffi¬

cients of oxx and oyy are of different signs and similar magnitude, meaning that

if oxx is similar to oyv, the resulting resistance change can be small and even

zero.

For [010] and [100] directions (45° to the primary flat of the (100) wafer), oxx
and oyv have equal coefficients, however in this case the shear stress component

oxy is also contributing with a coefficient of similar magnitude and with respec¬

tively positive or negative sign.

The resistance change for a resistor of any direction can also be expressed as

AD

-— = KlOl + KtOt (2.7)
K

where oL and oT are the stress components longitudinal and transversal to the

resistor, and jtl and tct are calculated from the above coefficients jt(/.

2.2.3 Polycrystalline Silicon

Polycrystalline silicon (polysilicon) is composed of grains of crystalline silicon

of random orientation. The resulting piezoresistive coefficients (see Tab. 2.3),
which can be approximated by averaging the monocrystalline parameters over all

directions [Nathan 1999, Bao2000], also depend on deposition and annealing
conditions.

Since the Young's modulus E also varies, it is customary to characterize the pie¬
zoresistivity by the gauge factor G = En so that for a thin film resistor,

^= GLzL + Gtet (2.8)
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2 CMOS Cantilever Sensors

Tab. 2.3: Piezoresistive coefficients for low-doped polysilicon (10 Pa)

[Bao2000].

jt'n jt'12 jt'66

p-type 58.8 -27.2 85.9

n-type -45.4 25.0 -70.4

where eL and er are the strain components longitudinal and transversal to the

resistor. The gauge factors for polysilicon, with G, typically between 20 and 50

and GT between -10 and 20 for p-type polysilicon [Nathan 1999], are lower than

those for monocrystalline silicon, but still far higher than for metal strain gauges.

2.2.4 Thermal Effects

The influence on the resistivity (Ap)/p0 of a material from a temperature change
AT1 is, in the first order approximation

^= a,Ar (2.9)
Po

where a, is the linear temperature coefficient of resistivity (TCR). Values of a,

for relevant CMOS layer materials are listed in Tab. 2.1.

2.3 Cantilever Mechanics

2.3.1 General Formulas

The microstructures presented in the following chapters are relatively long, thin

cantilevers and can be treated as rectangular beams submitted to small deflections

and elastic deformation. The stiffness coefficient k of a cantilever beam of length
L and Young's modulus E is

k = 3-— (2.10)
Û
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2.4 Deflection by Force on Cantilever End

where the area moment of inertia / for a rectangular cantilever is (with z being
the distance from the neutral axis to a point in the cross section A )

3

/ = fz2dA =
—, (2.11)

The stiffness is then a function of its dimensions length L, width w, thickness f

and the Young's modulus E of the material [Saridl994|:

41/

The way the stiffness is dependent on the geometry (L, w, t) is important to take

into consideration in the design of cantilever sensors.

For some applications the resonant behaviour has to be considered. The funda¬

mental frequency of vibration for a cantilever clamped in one end is [Saridl994J:

= i£ • £ = -^ -V .1- (2-13)

where k is a wave number and k = kL is 1.875 for the first vibrational mode. E

is the apparent Young's modulus E/{ 1 - v) with v being the Poisson ratio. It can

be noted that co is independent of the width w.

2.4 Deflection by Force on Cantilever End

The sensing element chosen for the AFM cantilever designs in Chapter 4 are inte¬

grated piezoresistors. The principal signal to be detected by these cantilevers is

the vertical force on the cantilever tip. Therefore, the effect of this force on the

stress in the cantilever and the resulting change of resistivity of integrated resis¬

tors will be investigated.
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2 CMOS Cantilever Sensors

2.4.1 Stress Distribution

For the following expressions and simulations, the cantilevers are aligned along
the x axis, with the width along the y axis, and thickness along the z axis.

We consider a cantilever beam submitted to a force F along z applied to the can¬

tilever free end. The cantilever will (for a positive force) experience compressive
axial stress above its neutral axis and tensile stress below (see Fig. 2.1).

Fig. 2.1 : Schematic of a cantilever deflected by a force F on the tip. The stip¬

pled line is the neutral axis, where the axial stress ax is zero. Above

this axis, the axial stress is tensile (positive), and below compressive

(negative).

The axial stress ox at a distance h from the neutral axis is directly related to the

curvature r of the bending beam:

o,
hE

.f,
= with

1

r

2

d Z

dx
(2.14)

„

hF(T
s \2hF,. v

ox
= —(L-x) = 7-(L~x)

1
wt

(2.15)

The magnitude of the stress is decreasing linearly from its maximum at the

clamped end towards zero stress at the free end. At any cross-section, the stress is

linearly proportional to the distance from the neutral axis, hence with maximums

of opposite sign at the top and bottom surface of the cantilever.

The resulting deflection z along the cantilever is
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2.4 Deflection by Force on Cantilever End

2EI \ 3L

6FL

Ewt3'
x2 1

3L
(2.16)

and the maximum deflection is at the cantilever tip x = L ;

z =

FL3
=

4FI3

3£/ £wr3
(2.17)

which also can be found by using Eqn. (2.12) and zmax = F/k.

Fig. 2.2 shows the calculated axial stress and deflection for a silicon cantilever of

dimensions 500 x 85 x 5 p,m3 submitted to a force of 1 nN.

1400

z [niti

400 500

x [ftm] x \ptm\

Fig. 2.2: The axial stress ox (left) on the cantilever surface and the deflection z

(right) along the cantilever axis, calculated using the beam approxi-
motion. The cantilever dimensions are 500 x 85 x 5 \im ,

and theforce

F2 applied to the tip is -1 nN.

The beam approximation used for the above derivations is valid when w « L,

and for broader cantilevers the analytical calculation is more extensive

[Timoshenkol987]. The complexity suggests the application of finite-element

analysis tools to estimate the stress distribution and, by comparing to the analyti¬
cal results, validate the chosen approximations.

2.4.2 Simulated Cantilever Beam

The first simulations will describe an AFM cantilever similar to the designs pre¬

sented in Chapter 4. The simulations will serve as a support for the design discus-
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2 CMOS Cantilever Sensors

sion, and in order to validate the chosen approximations, they will also be

compared to the analytical expressions in the previous section.

The following simulations were done with the Ansys FEM software tool

[Ansys20()4J, using the SHELL91 shell element (eight-node, six degrees of free¬

dom per node). A Young modulus for silicon of £=160 GPa and a Poisson ratio

of v=0.17 were used. The cantilever dimensions are 500 x 85 x 5 ftm ,
and the

force Fz applied to the tip is 1 nN. For comparison, Eqn. (2.12) would give an

expected stiffness of k = 3.4 N/m, and a tip deflection z = 0.3 nm.

Strkss Distribution

The simulation shown in Fig. 2.3 shows the stress component axx caused by the

force F,.

"„IPal

83 907 400 217 lib >W 1033 1149

242 072 558 402 B74 Jll 1191 1507

Fol<-t OH tip -1 iiH

Fig. 2.3: Stress component axx caused by a transversal

force at the free end, simulated using FEM.

The graph in Fig. 2.4 shows the stress component o„ along the middle of the

cantilever (y=0). The linear slope of the stress curve is well in agreement with

Eqn. (2.15). The resulting deflection at the cantilever end is 0.3 nm as expected.

The beam approximation introduced in Section 2.3 neglects any stress avv along
the y axis (the width of the cantilever). The simulation in Fig. 2.5 shows the com¬

ponent oVT, which is strongest near the clamped end. Here, the boundary condi¬

tions of the clamping (zero displacement in all directions) together with the

coupling of the stress in x and y direction through the material's Poisson ratio,

influence the transversal stress component avv. However, its magnitude is small
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2.4 Deflection by Force on Cantilever End

Fig. 2.4: Simulated stress component oYV (left) and deflection (right) along the

middle of the cantilever (y-0). The stress values near both ends of the

cantilever deviates from the simplified analytical results in Fig, 2.2

since the simulation includes the boundary conditions in both x and y

directions and the corresponding influence of the Poisson ratio.

compared to a,T, which justifies the beam approximation for a cantilever of these

dimensions for most purposes.

<-\y |Pa]

iiiBHnaiiiii», ^^
74 645 -1 ON'; 71 276 144 236 217.197

-38.165 14 /<>'j 107.756 ISO. 71/ 253.6/7
Culw un t in

- -1 nN

Fig. 2.5: Stress component avv caused by a transversal

force at the free end.

Resistivity Change Distribution

As seen in Section 2.2, the resistance change of a piezoresistive stress sensor is a

function of both the longitudinal and transversal stress relative to the resistor (and
current flow) direction. It is therefore interesting not only to look at the isolated

stresses in each direction, but also the resulting change of resistivity composed

Z I nm 1

\-\um\
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2 CMOS Cantilever Sensors

from both these contributions. The resistor directions considered are respectively

parallel and perpendicular to the cantilever axis.

Fig. 2.6: Resistive change, resistor aligned along x axis:

AR/R = tcloxx + Jt7ovv

In Fig. 2.6 and Fig. 2.7 the relative change of resistivity is plotted for resistors

parallel to the x axis and to the y axis, respectively. The coefficients are those of

Tab. 2.2. Compared to the similarly looking distribution of the oVY stress seen in

Fig. 2.3, the influence of ovv can be seen as small deviations of the isocurves.

AR/R

FOit-t; on tip
- -1 iiK

Fig, 2.7: Resistive change, resistor aligned along y axis:

AR/R = JtLayy + itroxx

It can be concluded from Fig. 2.6 and Fig. 2.7 that the influence from the width

of the cantilever and its clamping does not create large variations in the change of

resistivity along its width. There is an increase of sensitivity near the edges of the

cantilever, as well as near the clamping, but on the other hand these locations

have strong gradients, and the exact positioning of the resistors will therefore be
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2.4 Deflection by Force on Cantilever End

more delicate at these places, for instance when good matching between resistors

is desired.

2.4.3 Simulated Cantilever Plate

Cantilevers for detection of surface stress, presented in Chapter 3, will have other

form factors than cantilevers for AFM, and in particular, they will be broader. It

will be shown in the next section that a distributed surface stress will create a

totally different stress field than what results from a concentrated force on the

cantilever tip. However, it is still interesting to look at the effect of a concentrated

force on these broader cantilevers. First, the simulations will show the effect of

the width on the stress field when the assumption w « L no longer is true, and

tell if the beam approximation nevertheless can be useful. Secondly, this way of

deflecting a cantilever can be a reliable method to characterize the cantilevers

mechanically, and the simulations can predict the resistance changes that are

occurring in such experiments.

The silicon cantilever plate has dimensions 300 x 300 x 4 pirn and the concen¬

trated force applied to the middle of the free edge is Fz = 28 nN. Again a Young
modulus for silicon of £=160 GPa and a Poisson ratio of v =0.17 were used for

the simulations. If the beam approximation and Eqn. (2.12) are applied, the stiff¬

ness would be k = 28.4 N/m with a resulting maximum deflection of 1.0 nm.

The simulation in Fig. 2.8 (top) shows the resulting stress field. In this case of a

square plate cantilever with w = L, the influence from the clamping and the

resulting concentration of stress is seen more distinctively than in the previous

example of a long cantilever. However, the simulated deflection is 1.0 nm, still in

good agreement with the beam approximation.

The stress oyy along the y axis is near the clamped edge up to 1/5 of the stress

along the x axis oxx, corresponding to oyy » -voxx, but is still very small in the

rest of the plate, see Fig. 2.8 (top right). The resulting change in resistivity is

shown in Fig. 2.8 (bottom), for resistors aligned parallel and normal to the x axis.
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2 CMOS Cantilever Sensors

Fig. 2.8: Stress components avv (top left) and avv (top right) caused by a

transversal, concentrated force Fz - 28 nN applied at the free end.

(bottom left) Resistive change, resistor aligned along x axis:

AR/R = KLoxx + Jiroyv
(bottom right) Resistive change, resistor aligned along y axis:

AR/R = jtLovv + 7tjOxx

2.5 Distributed Surface Stress

2.5.1 Stress Distribution

In order to calculate the resulting stress in a cantilever plate when its surface is

modified, for instance, by the binding of a molecular layer, the surface modifica¬

tion will be characterized by the change of surface stress it introduces [Frit/2000,

Wu20011.
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2.5 Distributed Surface Stress

Surface stress is the reversible work per unit area needed to elastically stretch a

pre-existing surface [Cammaratal994], such that for an isotropic surface the sur¬

face stress is the scalar os= y + dy/dz, where y is the excess, surface free

energy density due to the existence of the surface, and £ is the stretching strain.

The exact definition of surface stress in the thermodynamic sense is the subject of

some ambiguity and controversy [Gutmanl995].

In the following, the change of surface stress equals the change of surface free

energy density. The surface stress os is seen as the result of a stress od in a thin

(compared to the cantilever) layer of thickness td on top of a given surface such

that os= tdad. The relation between a surface stress change as and the resulting
deflection of a free cantilever is expressed by Stoney's formula [Stoneyl909]:

o = —ß— (2.18)
s

6R(\-v)

where R is the radius of curvature of the deflected cantilever. The only geometri¬
cal parameter of the cantilever occurring in this expression is the thickness t.

Stoney developed this expression studying large metal plates being coated with

thin metal films. The relation between surface stress and curvature can be

expected to be of local nature, that is, in a first approximation the curvature at one

point is only dependent on the surface stress and material properties near this

point, as long as the plate is thin and soft enough.

The height deflection z at the end of the cantilever is, for small deflections, equal
to l2/(2R) or

3(1
-
V),2

,r> 1m
z = _i—_J/ <js (2.19)

Et

The amplitude of the deflection is important in the case of for instance optical
read-out like the schemes used for AFM. However, in the case of integrated stress

sensors, the deflection at the end of the cantilever is not used for the detection.

The surface stress creates a stress distribution in the cantilever, and the resulting

average stress in the piezoresistor is detected.
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2 CMOS Cantilever Sensors

2.5.2 Stress Distribution in the Cantilever Cross-section

The stress distribution inside a beam submitted to surface stress has been treated

in the one-dimensional case in [Rasmussen2003, Thaysen2001]. The strain ex(z)
at any section of the beam can be expressed as the superposition of the strain

component ec due to tension/compression along its long axis and a strain compo¬

nent E/,(z) due to pure bending:

ex(z)= zc + eb(z) (2.20)

For a multilayer cantilever where each layer / has thickness tt and Young modu¬

lus Et, the expression becomes

£x(z)'-
a.

o,hT
z>snT

V* l^r-i'A
y = o

m
(2.21)

where hT is the position of the top layer (relative to the neutral axis).

With a cantilever of non-negligible width, and a surface stress with both x and y

components, a two-dimensional treatment is relevant. In the case of oxx = oyy
the assumption of a neutral plane can be justified and the strain components can

be expressed as [Paci2003]

F = F =
^xx ^yy

3(f-f,-zJ

lvr~ 2rr-«z'-o3-(*,-.
v 1 + v, 4* 1 + v,

\

Znf)
(z-zn) °Js (2-22)

where zt is the location of each layer and zn is the location of the neutral plane.

These analytical expressions are valid for a position sufficiently far away from

the free or clamped edges. Again, a finite-element analysis will show the influ¬

ence of the boundaries.
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2.5 Distributed Surface Stress

2.5.3 Simulated Cantilever Plate

Simulations were done in Ansys, with the SHELL181 shell element (four-node,
six degrees of freedom per node) which allows the application of initial stresses.

A three-layer sandwich is used in order to model a silicon cantilever with inte¬

grated piezoresistors and a functional layer on top. The cantilever dimensions are

300 x 300 x 4 /mi3, with a resistor depth of 500 nm. The initial stress applied to

the functional layer of 30 nm thickness is axx = ovv = 50 MPa, corresponding to

a surface stress of ov = to = 1.5 N/m. A Young modulus of £'=160 GPa and a

Poisson ratio of v=0.17 were used for all layers. The graphs in Fig. 2.9 show the

simulated stress distribution in the resistor layer.

Fig. 2.9: Stress components ovv (left) and ovv (right) in resistor layer for a

plate subjected to uniform surface stress.

Although the stress applied to the functional layer is uniform, and a free plate as

described by Eqns. (2.18-2.22) would have a resulting uniform stress distribu¬

tion, the simulations illustrate how the boundary conditions influences the stress

field. Near the clamped edge, oxx varies from minimum levels around the centre

to the sharply concentrated maximums at the clamped corners, whereas the main

parts of the cantilever experience smaller variations, o has its minimum in the

centre of the clamped edge, gradually increasing towards the free edges.

The resulting effect on the piezoresistive elements is again determined by the

resistor orientation. The change of resistivity for resistors aligned along the x and

y axis respectively can be seen in Fig. 2.10. The maximum change is at the cor¬

ners of the clamped edge. However for the central part of the cantilever, the vari-
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2 CMOS Cantilever Sensors

Fig. 2.10: (left) Resistive change, resistor aligned along x axis:

AR/R = 7t,axx + Jt7oVF

(right) Resistive change, resistor aligned along y axis:

AR/R = JtjOyy + 7traxx.

ations are smaller. For resistors aligned along the x axis, the change of resistivity
has its maximum magnitude at the clamped edge, steadily decreasing towards the

free end, and with greatest reduction towards the side edges. Piezoresistors

placed near the clamped edge will therefore have the highest sensitivity to surface

stress. However, the strong gradients in these region makes the precise placement
of the resistors relative to the cantilever edges important. In the major parts of the

cantilever the change is lower, but with a more uniform distribution.

For resistors aligned along the y axis, there is a negative change of resistivity near

the two side edges, with the rest of the cantilever experiencing a positive change.
There are therefore regions with near zero changes, and a resistor of a given

length placed across the zero border can end up with a zero net change of resist¬

ance. Such resistor segments should therefore be avoided when sensitivity to sur¬

face stress is wanted.

2.6 Signal and Noise

Sensor Performance

A number of parameters characterize the performance of a sensor, such as its res¬

olution, sensitivity, dynamic range, bandwidth, noise level and signal-to-noise
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ratio. A commonly referenced benchmark figure is the limit of detection which is

the smallest signal that can be distinguished from the background noise, deter¬

mined by the sensitivity and the background noise level.

The system designs presented in this thesis are composed of sensors integrated
with circuity. The sources of the noise can by divided into three groups: the inher¬

ent noise of the sensor elements, the inherent noise in the circuitry and instru¬

mentation chain, and finally the external interference that shows up in the signal

owing to cross-sensitivities both in sensors and circuitry.

2.6.1 Internal Sensor Noise

The inherent noise sources in a cantilever sensor with piezoresistive read-out are

the vibrational noise in the cantilever itself, and the electrical noise in the pie¬
zoresistors.

Cantilever Noise

The vibrational noise of a cantilever beam due to the thermal excitation of its

vibrational modes and the resulting noise in an integrated piezoresistor has been

calculated in [Hansenl999]. For a free cantilever (no force on the free end), the

apparent deflection z at the free end is

3 '

l(>-à)

where / is the length of the piezoresistor, T is the absolute temperature, and kB is

Boltzmann's constant (1.38-10
23 JK"1). The influence of this noise is greatly

reduced by limiting the bandwidth below the fundamental resonance frequency.
This will be the case for the surface-stress sensors detecting biological binding,
where the expected signal changes are relatively slow, and the bandwidth can be

reduced to for instance below 10 Hz. For the AFM systems operating in con¬

stant-force mode the bandwidth will also be reduced to well below the resonance

frequencies of 25^45 kHz.

31



2 CMOS Cantilever Sensors

Resistor Noise

Thermal noise (Johnson noise) is the random motion of free charge carriers

caused by thermal agitation, in the frequency band /j to f2 :

v*= 4kBTR{f2^f]) (2.24)

The noise power vn is proportional to the resistance R as well as to the band¬

width, which would encourage smaller resistance values.

Flicker noise (1/f or Hooge noise) in resistors, has a spectral power density

inversely proportional to the frequency and to the number of charge carriers N

[Wong2003]:

v2= ^log^ (2.25)

where F is the voltage across the resistor and a <* 2 10~3 is a dimension-less con¬

stant. The number of charge carriers can be increased by using geometrically

large resistors. The driving voltage V, as will be seen later, directly influences the

sensitivity of the resistive detection, so choosing its value is a trade-off between

low flicker noise and high sensitivity.

Both thermal noise and flicker noise are minimized by narrowing the bandwidth.

However, the flicker noise can still be considerable for low frequency ranges

where the factor f2/f\ is high, even if the bandwidth f2 -fx is small.

Temperature Influence

The vibrational noise and the thermal noise are proportional to the absolute tem¬

perature. Self-heating of the piezoresistors can therefore increase their influence

[Hansenl999]. The power dissipation J^/R and cooling of the resistors has

therefore to be taken into consideration.

2.6.2 Circuitry and System noise

The electronic circuits are also subject to thermal noise and flicker noise, as well

as to the shot noise due to the discrete flow of charge carriers across p-n junc¬
tions. Because of the complexity of the components and their interconnection, the
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resulting noise is not easily calculated by analytic means. However, the same

tools used for design of the circuitry often provide the possibility of simulating

the performance in term of frequency behaviour and noise level, so that the

designs can meet the desired specifications, at least within the accuracy of the

simulation, before the final implementation on silicon chips. Although low-noise

architectures can reduce the noise, the inherent noise sources impose a funda¬

mental limit to the dynamic range and noise figures of the circuitry.

2.6.3 External Interference

The signals that are read out from the sensors (through the associated circuitry)
often show a correlation with additional factors other than the physical effects

that originally are desired to be detected. These cross-sensitivities, such as for

example temperature and light dependence, are inherent to the sensor and cir¬

cuitry elements, and must be dealt with by careful design, packaging and instru¬

mental set-up. Some interference can have a random character, other types can be

more systematic, for example the day and night temperature variations in a labo¬

ratory, or the vibrations from a motor-driven apparatus nearby. A cantilever can

be deflected by fluctuations in the surrounding media, for instance by turbulence

in a gas or liquid flow, and the corresponding noise is observed in the measured

signal. By efficient signal conditioning and acquisition, and by limiting the band¬

width to the minimum range needed, these noise sources can be eliminated if

their noise spectrum is outside the useful signal bandwidth. The design of the

sensor can also greatly influence how much of the external noise is picked up by
the system. As will be seen in the next section, sensor schemes such as Wheat-

stone bridges can efficiently reduce the effect of certain common-mode noise

sources.

2.6.4 Sensor Read-out in Bridge Configurations

There are several ways to detect the change of resistance in a piezoresistor. A sin¬

gle resistor can be submitted to a known voltage or current, and the resulting cur¬

rent respectively voltage can be measured, preferably using a four-wire set-up.

Monitoring the resistance change in this way requires a small signal change to be

measured against a high background, since Vout = IR(\ + AR/R) with usually
AR/R«l. This can be improved by connecting the sensing resistor with three

resistors of equal value in a Wheatstone bridge configuration as shown in

Fig. 2.11a (quarter-bridge). The output voltage of the bridge is now proportional
to the relative resistance change, Vout = V• AR/{AR). An important result is
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that the bridge output is not dependent on the absolute resistance of the resistors.

The half-bridge shown in Fig. 2.11b has two sensing resistors in the bridge. The

output signal can now be doubled, Vout = V- AR/(2R). A full bridge

(Fig. 2.11c) has four variable resistors, ideally having two resistors experiencing
the opposite resistance change as the two others, yielding Vout = V * AR/R.

Fig. 2.11 : Schematic of different Wheatstone bridge configurations,

(a) quarter-bridge, (b) half-bridge, and (c) full-bridge.
The bridges are biased with a fixed voltage V = V+-V~.

The arrow symbolizes a small change AR of the resist¬

ance R, with a corresponding signal change
S = V • AR/{AR). The differential output signals of the

bridges are S, 2 S and 4S, respectively.

For best linearity and direct amplification, the four resistors should have identical

resistance in order to have a zero offset voltage (the output voltage at zero sensor

excitation). If the resistors are physically similar with the same response to com¬

mon-mode disturbances as for example temperature variations, the symmetry of

the bridge will also cancel out the common change in resistance. This built-in

common-mode rejection applies for all external noise sources that influence the

resistors in an uniform way.

In cases where the sensor scheme does not allow a full bridge of sensing resis¬

tors, with pair-wise opposite signal, it will still be useful to ensure that the "pas¬
sive" resistors experience the same environment as the "active" resistors, and

serve as reference sensors. The common noise sources will be eliminated, leaving

only the difference between the "active" and "passive" sensors to be measured as

the output signal. Usage of such reference sensors will be demonstrated in both

the presented applications of this thesis.
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2.6.5 Resistor Geometry

The depth and resistivity of the resistors are defined by the CMOS process tech¬

nology and summarized by the sheet resistance Rs, where R = Rs{L/w) (see

Tab. 2.1 for example values), so that length and width remain the only design

parameters to determine.

The resistance of the piezoresistors does not affect the stress sensitivity, but has

consequences on power dissipation and thermal noise. The output of the Wheat-

stone bridge is proportional to the supply voltage, so to obtain high sensitivity, a

high supply voltage is desirable. If the application requires low power consump¬

tion and minimal self-heating of the sensor, the voltage must be balanced with

high enough resistors. Depending on the bandwidth, the thermal noise can then

be dominating the final signal-to-noise ratio.

For some applications, smaller sensor size is more important than low power dis¬

sipation and short, narrow resistors can be used. The width of a diffused resistor

is limited by the design rules of the chosen CMOS process (2 //m for the proc¬

esses used in this work). For small dimensions, however, the low relative preci¬
sion can cause sensor output offset.

2.6.6 Sensor Output Offset

The sensor output offset is the dc output from the sensor when no force or stress

is applied. This background signal lowers the useable dynamic range of the sys¬

tem and even causes saturation of the amplification chain if its is higher than the

input signal range. The offset can also introduce cross-sensitivities to the system

by breaking the noise-suppressing symmetry of the sensor bridge. The influence

of the sensor offset can be diminished by minimizing its sources in the sensor

design, and by integrating offset compensation schemes.

One source of offset in a Wheatstone bridge sensor is the imperfect matching of

the resistors due to small variations of geometry and doping. The precision limits

of the processing result in lower relative precision for smaller features, which can

be important for small-sized resistors (see Tab. 2.4). The matching can be

improved by using wider and longer resistors when possible.

A more important offset source is the variations of the residual stress seen by the

piezoresistors. The built-in stress in the CMOS processed wafer is relatively uni¬

form over its surface, however during the postprocessing steps, when the thin sil¬

icon membranes are formed and later shaped into cantilevers, stress is released
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Tab. 2.4: Mismatch between the four p+ diffusion resistors in a Wheatstone

bridge, measured on unetched chips (no micromachining).

Dimensions

Lxw (//m2)
Estimated resis¬

tance (Q)

Measured

mean ± st.var. (Q)

Relative deviation

between resistors

1000 x 20

45 x 2.0

2000

900

2085 ± 2.3

899 ± 7.2

0.1%

0.8%

according to the new geometry. This often results in a visible deflection of the

released cantilevers. The piezoresistors located on a cantilever will experience
different deformation and stress depending on their location and consequently
have different resistance (see Fig. 2.12). The resulting offset can be minimized by

ox*oy D D
rzzi

ox^ox

Fig. 2.12: Schematic of piezoresistive bridge before (left) and after (right)

micromachining. For a wafer of sufficient size, the built-in surface

layer stress can be considered symmetric and uniform over all resis¬

tors. After the release ofmechanical structures, the stress in a resistor

depends on the orientation and proximity ofthe silicon edges.

relocation of the resistors, but since the working principle of the sensor often

relies on resistor location and geometry, some offset has to be accepted in order

to provide the wanted sensitivity.

The exact magnitude of the offset is not easily predicted and is seen to vary from

process to process as well as between chips from different wafers of the same

process. The presented systems in the following chapters therefore include sev-
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eral offset compensation schemes and are designed to cope with a wide offset

range.

2.7 General Fabrication and Processing

The cantilever sensors are fabricated in an out-sourced industrial CMOS process

followed by in-house wafer-level micro-machining. The processes used are dou¬

ble-metal CMOS processes on 100-mm wafers from austriara/crasystems, Aus¬

tria. Some of the characterized AFM devices use a high-voltage, 2.0-ptm process

(CBT) and the remainder uses a low-voltage 0.8-/*m process (CYE).

Cantilever shape and structures are defined in the CMOS process by taking

advantage of suitable CMOS layers (n-well silicon, aluminium, dielectrics). Also,

piezoresistive sensing elements and bimorph actuation elements are formed at the

CMOS foundry. The mechanical structures, i.e. the cantilevers, are then released

in the post-process micromachining steps. After dicing, the chips are mounted on

dedicated printed circuit boards or in dual-in-line (DIL) packages and are electri¬

cally connected using wire bonding.

2.7.1 Design and Foundry Processing

The design of the devices together with the complete circuitry is performed with

the CAD tool Cadence [Cadence]. All chip designs for one processing run are

assembled into a single reticle design, which is shipped to the CMOS foundry;

chips for different projects typically share one reticle (see Fig. 2.13a).

At the foundry, a full CMOS process is performed using stepper-based lithogra¬

phy. The only modification of the standard process is the creation of a wafer-scale

metal network to provide electrical biasing of the wafer during the post-CMOS

anisotropic etching with electro-chemical etch-stop (see Fig. 2.13b). The wafers

are also ground and polished on the backside to a reduced thickness of 380 pirn in

order to shorten the necessary etch time in the post-processing. The polishing

prepares the back surface for the deposition of the silicon nitride etch mask, also

deposited by the foundry. After the full, standard CMOS process is completed,
the finished wafers are sent back from the foundry ready for post-processing.
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2 CMOS Cantilever Sensors

Fig. 2.13: (a) A CMOS design reticle. 15 mmx 15 mm. (b) The complete wafer
has a diameter of 100 mm and contains 16 reticles. The contacts for

biasing the n-well and p-substrate during backside etching are seen

above the reticles.

2.7.2 Post-CMOS Processing

Backside Etch

In order to create silicon membranes from which cantilevers can be shaped, an

anisotropic wet etch is performed from the backside of the wafer [Mtiller2000|.

First, the openings in the silicon nitride etch mask are defined with reactive-ion

etching (RIE). Because of the anisotropic nature of the KOH etching of silicon,

the walls of the etched cavities have an angle of 54° with the surface. The size of

the etch mask openings must therefore be calculated as a function of the wafer

thickness and the desired membrane size.

A 6-molar KOH solution at 90°C is used as ctchant together with a four-electrode

electro-chemical etch-stop (ECE) technique |Kloeckl989|. The ECE technique
assures reliable and reproducible fabrication of thin silicon membranes. This is

achieved by reverse-biasing the junction between the n-well and the p-substrate,
and keeping the n-well at a higher potential than the KOH solution (passivation

potential). The p-substrate is held at a negative (etching) potential, so that the

etch continues through the p-substrate until it stops at the n-well.

The final thickness of the membrane is defined by the junction depth of the

n-well. The high-voltage process provides two different n-well depths at 4 pm

and 7 pm, whereas the normal low-voltage process only has a 3.5 pm n-well.
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2.7 General Fabrication and Processing

Additional reactive-ion etching of silicon can afterwards be used on the backside

of the wafers to further thin the membranes, if the desired thickness is less than

the n-well depth.

n-well RlEctchl

wet etch 4 ;3</

Fig. 2.14: Post-processing steps: Formation of silicon membranes using a back¬

side wet etch stopped at the n-well (left). Release of the cantilevers

using front-side, reactive-ion etching (right).

Cantilever Release

To release free-standing cantilevers, the remaining layers of the membrane have

to be removed around the cantilevers. The nitride passivation layer that usually
covers most of the wafer area, as well as some of the oxide layers, have already
been opened in the CMOS process. However, some oxide from the CMOS proc¬

ess can not be removed in the process itself, and has to be removed in the

post-processing in order to expose the underlying silicon. The oxide etch can be

performed by front side reactive-ion etching with CF4 and CHF3 (typically 40

nm/min) or wet etching, using an etch mask of photoresist.

Finally, the silicon membrane is etched using reactive-ion etching with SF6 and

CHF3 (typically 500 nm/min), where a photoresist mask defines the silicon struc¬

tures to be kept as cantilevers. Fig. 2.14 shows a schematic of the most important

post-processing steps.

2.7.3 Dicing

Dicing of the wafers into individual chips can be harmful to the fabricated canti¬

levers, which will easily break under the pressure of the water jet used in the dic¬

ing saw. Minimising the water flow is not a good solution, since it increases

particle contamination and blade wear. A special process sequence was therefore
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2 CMOS Cantilever Sensors

developed to enhance the yield through the post-processing and dicing. Before

the final release of the cantilevers (the membranes are already formed), a protec¬

tive layer of photoresist is spun on the wafer backside. Slow spinning is used to

obtain a thick layer of approximately 10 pm. This way, the cantilevers are sup¬

ported by the photoresist layer after their release from the front side. The back¬

side coating has the additional advantage that the wafer is not perforated during
the cantilever release. This allows for a subsequent front-side spinning process

for further protection of the micromechanical structures. A second thick photore¬
sist layer is spun on from the front-side to fully encapsulate the cantilevers in

photoresist before the dicing process (see Fig. 2.15), which can be done with full

water jet pressure.

Fig. 2.15: (left) During the R1E silicon membrane cut, the released cantilevers

are supported by the backside photoresist coating, (right) After a sec¬

ond spin coating of photoresist on the front side, the cantilever array

is totally embedded in photoresist.

In addition to supporting the cantilevers, the photoresist layer also protects the

chips from dicing debris. This is important since the finished chips can not

undergo the relative strong cleaning that usually is performed to clean away par¬

ticle contamination. For instance, use of ultrasound cleaning would break the

cantilevers.

The photoresist is easily removed from the final chips with acetone or another

suitable photoresist remover. For smaller and fragile elements, the photoresist
can also be stripped with an oxygen plasma asher. This protection method proved
to be very efficient for membranes and cantilevers of any size, typically with

100% yield during the dicing phase.
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3 Cantilever-Based

Biosensor Arrays

3.1 Introduction

The sensor system presented in this chapter is part of a portable instrument under

development for point-of-care testing to determine specific protein levels in body
fluids.1 In the following, contributions to sensor and electronic design, packag¬

ing, surface chemistry and biochemical research are discussed.

3.1.1 Biosensors

Biosensors are devices that can detect highly specific interactions between bio¬

logical molecules. They are generally composed of a biological element and a

physicochemical detector. Biological reactions can be influenced by low concen¬

trations of biomolecules, and biosensors can therefore be very sensitive. The

advances in medicine and biochemistry over the last decades have dramatically
increased our understanding of how biomolecules interact and how their presence

and concentration govern physiological processes. Both for research and for

medical diagnosis and treatment there is a demand for precise, sensitive detection

of biomolecules.

In modern health care, sample analysis is often carried out in centralized labora¬

tories. Although the analysis can be automated to a large degree, preparation of

samples, long detection sequences, logistics and administration result in a long

response time. This is in particular not satisfactory for emergency situations

where rapid diagnosis can decide between life and death. On the other hand,

near-patient or point-of-care testing is considered to provide better quality of

service to the patient and save costs. There is therefore a growing interest in

small, inexpensive, easy-to-use diagnosis tools to be used by a general practi¬
tioner or even by the patient himself. This drives the need for integrated systems,

1. Part of the work was done within the EU-project Biofinger (http://www.biofinger.org).
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3 Cantilever-Based Biosensor Arrays

where sample preparation, detection, visualization and communication of results

are combined in one instrument.

3.1.2 detection Methods

Biosensors are often based on the binding between antibodies and their corre¬

sponding protein (antigen). The antigen will very specifically bind to the anti¬

body, while other proteins are not affected. Similarly, DNA- or RNA-sensors use

the specific binding to matching complimentary strands of these molecule chains.

Sensors are made by immobilizing the receptor molecule (i.e. an antibody) and

detecting the binding of the analyte in question (i.e. the antigen) using a physico-
chemical technique.

Typical biosensors on the market today are based on a fluorescent techniques,
where a biochemically active receptor is modified with a fluorescent marker in

order to produce an optical signal in the presence of a specific analyte. This

includes the enzyme-linked immunosorbent assay (ELISA) technique, which is

the dominant method for detecting specific proteins.

A more recent approach - currently still in the research stage - is the use of

micro- or nanomechanical structures to detect the binding between an immobi¬

lized receptor and the matching analyte. Cantilever beams have been shown to

deflect when their surface properties are changed by binding events [Fritz2000J.

This is interpreted as a change of surface-stress of the cantilever, related to the

new composition of the surface layer. Sterical hindrance of large, densely packed
molecules is one of the mechanisms responsible for the stress change. As seen in

Chapter 2, a surface-stress change induces a bending of the cantilever and a stress

in the cantilever material.

Optical read-out of cantilever deflection is, due to its high sensitivity and use of

existing AFM equipment, popular in this research field. However, the read-out

can be affected both by the opacity and the refractive index of the liquid samples.
The laser beam can also heat the cantilever and cause parasitic deflection

[Chenl995]. The optical read-out is technically difficult to scale to large canti¬

lever arrays, which would allow the simultaneous detection of multiple analytes

[Alvarez2005, Battiston2001].

Piezoresistive read-out, on the other hand, is well suited for cantilever arrays and

compact systems where the sensor is integrated with electronic circuitry as well

as for microfluidic total analysis systems (//TAS) [Thaysen2001].
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3.2 Sensor Design

The goal of the sensor design is the detection of surface-stress changes associated

with surface binding of biomolecules. The major design considerations are:

• sensitivity

• system integration

• robust operation

• reproducible manufacturing

The design uses a standard CMOS process as a starting point in order to easily

integrate the sensor with electronics on a silicon chip.

3.2.1 Cantilever Geometry

Due to its well-defined mechanical properties, crystalline silicon is chosen as the

main cantilever material, which also allows the implantation of piezoresistors in

the CMOS process. The use of an electrochemical etch stop in the postprocessing

provides an initial silicon thickness of 3.5 pm with the possibility of additional

RIE thinning.

The length and width of the cantilever are 300 pm, which is almost 100 times the

thickness of the silicon layer. Since the surface-stress change to be detected is in

principle isotropic and uniform over the functionalized surface, the lateral size

and shape of the cantilever does not directly influence the sensitivity of the sen¬

sor. This is in contrast to similar sensors based on optical read-out which measure

the tip deflection of the cantilever. The tip deflection is quadratic to the length of

the cantilever for a small, uniform bending, and therefore long cantilevers are

usually preferred for optical read-out schemes. Using integrated sensors, the

bending moment caused by the surface stress is directly and locally affecting the

piezoresistors. The distribution of the active area also means that the width does

not have the same significance as in detection of concentrated forces (as seen in

for example AFM applications), since the surface-stress change is constant over

the active surface area and independent on the width. However, the length and

width must be sufficiently large to reduce the influence from the free and

clamped edges.
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3.2.2 Layer Stack and Protection

Since the sensors are designed for use in comparatively harsh environments (at

least for CMOS electronics), such as physiological solutions, the sensor elements

at the surface of the silicon must be protected. However, the protection layers

separate the functionalization layer from the sensing piezoresistive layer and

decrease the sensitivity of the sensor system. They should therefore be as thin as

possible while still providing sufficient protection.

The CMOS process provides several silicon dioxide layers that can be left on top

of the cantilever, as well as the final silicon nitride passivation, especially engi¬

neered for protection of the chip circuitry. Although the silicon nitride layer

would give sufficient protection, the process flow does not allow for the removal

of all the oxides without degrading the piezoresistive layer. Therefore, a sand¬

wich of thermally grown field oxide and deposited (CVD) oxides is left on the

cantilever after the CMOS process (see Fig. 3.1). The thickness of the silicon

dioxide layers is 1.6 pm on top of a diffusion layer and 2.1 pm elsewhere. The

silicon nitride layer is 1.0 pm thick.

1.0 pm

1.6 pro.

0.5/mi

3.5 pm

Silicon nitride

CVD oxide

Field oxide

x: Diffusion

Silicon

Fig. 3.1: Cross section of a cantilever (not to scale). The right part contains a

diffused resistor, with a reduced thickness of the oxide layers.

3.2.3 Resistor Geometry

As a stress in the piezoresistive layer causes a relative change of resistivity, the

absolute resistance does not directly influence the sensitivity. As seen in the sim-
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ulations in Section 2.5.3, the stress field has only distinct concentration regions
close to the clamped edge. Due to the uncertainty of the edge location after the

micromachining, these regions are not ideal for placing the resistors. A part from

the contributions from the free and clamped edges, there is in principal no pre¬

ferred placement that would enhance the sensitivity by exibiting substantially

higher stress values.

However, the resistor design greatly affects the internal noise contribution. The

thermal noise power is proportional to the resistance and to the signal bandwidth,

suggesting the use of a small resistance. However, since the bandwidth of the tar¬

geted signals is narrow (from 1 mHz to 1 Hz), the thermal noise is not dominant.

The flicker noise, on the other hand, becomes important for low frequency meas¬

urements, with a spectral density inversely proportional to the frequency and the

total number of charge carriers in the resistor (Eqn. (2.25)). The resistor volume

should therefore be as large as possible in order to maximize the number of carri¬

ers.

A large enough resistance is also required to avoid self-heating of the sensor and

to match the input stage of the amplifying circuitry. The sensors were therefore

designed with 10 kQ resistors, yielding a power dissipation of 2.5 mW per resis¬

tor for a bridge voltage supply of 5 V. With the ratio between width and length

given by the targeted resistance R and the sheet resistance Rs, the resistor is laid

out in a meander structure to cover as much as possible of the available area. This

minimizes the flicker noise and averages the sensor output over the largest part of

the cantilever. The p+ diffusion used for the resistors has a sheet resistance of

40 Q. With 300 pm x 300 pm cantilever plates and two resistors on each canti¬

lever, a resistor length of 2130 pm was obtained using a width of 8.5 pm.

The simulations in Section 2.5.3 show how the clamping of the cantilever plate

alters the stress distribution in the sensing layer, resulting in a larger stress

change parallel to the cantilever axis. The resistors are therefore mainly aligned

along the cantilever axis.

3.3 Chip Design

3.3.1 Sensor Array

The sensor chips feature an array of cantilever sensors together with signal condi¬

tioning and interface circuitry. Four cantilevers, equally spaced with a pitch of
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500 pm, are located along one side of the chip in order to simplify the packaging.
The cantilever array offers different measurement configurations; all cantilevers

can be individually functionalized to detect different analytes. Alternatively, one

or more cantilevers can act as a reference sensor by being functionalized to not

bind analytes and thus provide a way to discriminate non-specific binding and

other parasitic signals. Different configurations of the piezoresistive Wheatstone

bridges have been fabricated and evaluated.

v+ v+ v+

(a) (b) (c)

Fig. 3.2: Wheatstone bridge configurations: (a) Half-bridge: two resistors

on the cantilever C, two on the bulk B. (b) Half-bridge with resis¬

tive offset compensation added to the bulk resistors, (c) Dual

cantilever: two resistors on cantilever Cp two on C2-

Half-bridge

Two identical resistors on the same cantilever show the same signal response and

are used as the active resistors in a half-bridge. Two matching resistors on the

chip bulk constitute the passive parts of the Wheatstone bridge (see Fig. 3.2a).

Half-bridge With In-bridge Offset Compensation

Although the four resistors are designed to be identical, the release process of the

cantilevers induces a stress change in the resistors which results in an offset volt¬

age from the bridge. To be able to compensate for this, one of the bulk resistors is

designed with a lower nominal value and is connected in series with a low-noise

transistor acting as a variable resistance (see Fig. 3.2b). The bias voltage for the

transistor is provided through a bias filter (consisting of a chain of 20

switched-capacitor stages) with a cut-off frequency of 10 Hz and is used to bal¬

ance the bridge for minimal offset.
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Dual-Cantilever Symmetric Bridge

To enhance the symmetry of the four resistors in the bridge, two cantilevers, each

with two resistors, are used to form one Wheatstone bridge (see Fig. 3.2c). One

cantilever is functionalized to be the active sensing cantilever and the other one

serves as a reference cantilever. Placed on otherwise identical cantilevers, the

resistors are well matched, resulting in a minimal offset voltage. Common-mode

signals affecting both cantilevers are directly cancelled out by the bridge design.

Fig. 3.3 shows a close-up of the sensor array of a sensor chip. This chip features

one cantilever in half-bridge configuration with in-bridge offset compensation,
one cantilever configured as half-bridge and two cantilevers forming a dual-canti¬

lever configuration.

Fig. 3.3: Photograph of a fabricated sensor array. The chip has three different

sensor configurations: (from left) half-bridge with resistive offset

compensation, half-bridge configuration, and paired sensing and ref¬

erence cantilever using a dual cantilever symmetric bridge.

3.3.2 Electronic Blocks

The electronic circuitry is designed for high-gain amplification of the sensor out¬

put signal, while maintaining low noise characteristics and the possibility of

compensation of sensor offset. Two circuit versions were designed, one

"high-offset" design that would allow sensor offset signals up to 200 mV, and a

"low-offset" design for sensor offsets up to 5 mV. A block diagram of the cir¬

cuitry on the "low-offset" chip is shown in Fig. 3.4.

The five-channel input multiplexer selects the differential signal from one of the

Wheatstone bridges and feeds it to the input amplifier. A test input can also be
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F/g. 5.4; ßfoc& diagram of the "low-offset" design. Sensor array, multiplexer,

amplifiers andfilters are integrated on a single chip. The whole signal
chain is fully differential.

chosen, so that instead of a sensor, a differential signal provided through input

pads can be used for testing and characterization of the circuitry. The serial resist¬

ance of the multiplexer switches is 2 kQ, negligible compared to the input resist¬

ance of the amplifier, and does not affect the sensitivity.

The first gain stage is a low-noise chopper amplifier operating at a frequency of

4 kHz. The gain can be selected between 20 and 100. The use of a band-pass fil¬

ter reduces the residual offset of the amplifier. The clock signal for the chopping
is provided externally to the chip. The chopper stage is followed by a sec¬

ond-order low-pass filter with a cut-off frequency of 500 Hz.

An offset-compensation stage allows the adjustment of the offset by an external

differential voltage supplied to the chip. The second amplifier stage has a select¬

able gain of 13 or 26. The output buffer provides a low-impedance output with

the capability of driving a capacitive load of up to 10 nF. The chip output signal is

differential with a maximum range of ±2.5 V. The bias voltage for the Wheat¬

stone bridges is supplied through separate pads that are not connected to other

circuitry and can be adjusted independently of the normal 5 V chip supply volt¬

age.
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The fabricated chip (after postprocessing, before packaging) is shown in Fig. 3.5.

Fig. 3.5: Micrograph of the fabricated sensor chip (
"

low-offset'' design). The

chip measures 3.9 mm x 2.7 mm. The four cantilevers on the right side

have dimensions of300 pm x 300 pm.

The total chip size is 3.9 mm x 2.7 mm including silicon lugs on each side of the

four-cantilever array.

The second, "high-offset" design features two half-bridge cantilevers and two

half-bridge cantilevers with in-bridge offset compensation. The chopper ampli¬
fier on this chip has a gain of 20 and is followed by a second gain stage of 4 or 16

and a third gain stage of 4 or 8.
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3.4 System and Packaging

The packaging of the sensor chip is an important aspect for the operation of the

sensor system. As for any electronic chip, it must provide electrical connections

and mechanical protection. It must also allow the exposure of the sensor to the

analytes while protecting the electronic circuitry from the cleaning, functionali-

zation and analyte solutions.

3.4.1 Liquid Cell

Both for testing and for the final application, it is desirable to consume only small

amounts of analyte solution in each assay. This implies a small liquid chamber

around the cantilever sensors. The small volume also reduces the average diffu¬

sion time in the chamber, which for diffusion-limited processes results in faster

equilibrium times. Since one of the project goals is to package the chip in a dis¬

posable unit, the manufacturing costs should be low.

A microfluidic packaging concept was chosen to integrate a microchamber and

capillary in- and outlets for the analyte solution. An advantage of microfluidic

systems is the low Reynolds number, meaning the liquid flow is mainly laminar

with no turbulence. Bubbles are less likely trapped in the channels and the fluids

are easily replaced without mixing, which is important for cleaning and function-

alization sequences. Typical microfluidic technology also allows integration of

added functionality in the package, and the use of inexpensive materials and fab¬

rication technologies.

The packaging solution chosen in this work is shown in Fig. 3.6 [Song2005]. The

structural material is polydimethylsiloxane (PDMS), a silicone elastomer with

low permeability to water, low electrical conductivity, and good optical transpar¬

ency. Two PDMS plates are stacked on top of each other with the chip placed in a

recess in the lower plate. The microchamber around the cantilevers has a volume

of 1.75 pL. In- and outlet channels are structured in the PDMS and allow for thin

fused-silica capillary tubes to be inserted and connected with standard laboratory

fittings to a fluidic pump set-up. The total dead volume including the channels is

4.5 pL.

The plates are fabricated by casting of the commercially available PDMS (Syl-

gard 184 from Dow Corning) in a metal mould. The chip is inserted into the bot¬

tom plate which is placed on a small printed circuit board (PCB). After wire
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bonding between the chip and the PCB, the second PDMS plate is added, closing
the liquid chamber. An epoxy-based protection material (Hysol FP4460 from

Loctite) is then dispensed around the package to seal any open gaps and to pro¬

tect the rest of the chip and the bond wires.

Fig. 3.6: The PDMS-based, microfluidic packaging of the sensor chip. The bot¬

tom plate measures 10 mm x 10 mm. The volume of the microchamber

around the cantilevers is 1.75 pL. (Drawing courtesy of'W.H.Song)

3.4.2 The Plug-in Cassette and Hand-held Unit

To avoid contamination across samples and to limit the need for on-site cleaning
and fimctionalization procedures, the cantilever sensors are part of a small, dis¬

posable unit. The unit is plugged into a base unit containing the necessary

off-chip electronics for acquisition and storage, including user interface and

external communication.

For integration with the hand-held base unit, the disposable sensor PCB is

designed according to the industry standard PCMCIA specification with a board

size of 85.6 mm x 54 mm and a 68-pin electrical connector. The prototype of the

base unit contains power supplies for the chip and a microcontroller-based com¬

munication and control unit. An LCD display visualizes the measurement data as

it is recorded, and the stored data can be transferred to a computer over the serial

interface.
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3.5 Surface Functionalization

The functionalization of the sensor surface is a critical part of the sensor system.

It determines to which analytes the sensors are sensitive and also how well the

analyte concentration translates into a change of surface stress. The functional¬

ized surface should show a high binding affinity to the analyte with minimum

non-specific binding. At the same time it should allow a high density of bound

analytes on the surface in order to obtain a measurable influence on the surface

stress.

The functionalization procedure involves the cleaning and physical preparation
of the sensor surface, the immobilization of the biochemically selective receptor,

such as an antibody, and finally the rinsing of excess or non-bound receptors.

3.5.1 Surface Immobilization Techniques

Different immobilization techniques have been considered for the cantilever

functionalization: silanization, thiol linkage, and protein-A binding.

Silanization involves linking of silanes to the oxidized surface, onto which anti¬

bodies bind, either directly or via a cross-linker. The result is a monolayer of anti¬

bodies; however, their orientation is random and only a fraction of the antibodies

are biochemically active LPerrinl997J.

Thiol-linkage uses the affinity of the thiol's sulphur-termination to gold, which

results in a self-assembled monolayer of thiols onto which the antibodies can

bind. The oriented antibodies have a high biochemical activity [Daviesl994].

Protein-A (a coat protein extracted from the Staphylococcus aureus bacteria)

binds easily to any support, and although its own orientation is not well-defined,

the antibodies that in turn bind to the protein-A show a directivity which is

favourable for subsequent antigen binding [Schramm1987].

For multi-analyte detection and reference cantilever operation, localized func¬

tionalization is needed. One strategy is to prepare the cantilever surfaces differ¬

ently during the manufacturing with the help of layers from the CMOS process or

by wafer-level photolithography during the post-processing. A functionalization

process can then be applied on all cantilevers together, for instance inside the liq¬
uid cell, with the selective binding of the receptor molecules to the different sur¬

faces governing the patterning.

52



3.5 Surface Functionalization

Another option is the localization of the functionalization products by physical
confinement of the liquids, for instance with a microfluidic tool dispensing onto

each individual cantilever. This method has been tested on fiat gold substrates but

has not yet been transferred to cantilever chips.

Selective gold patterning of the cantilevers can easily be done on the processed
CMOS wafers and is suited for thiol linkage in particular. Also, other potential

receptors show a significantly different binding affinity between gold and silicon

oxide or nitride surfaces. The binding density of an anti-PSA antibody was

shown to be 10 times higher on gold than on silicon nitride. The sensing canti¬

levers were therefore prepared with a gold surface, while the reference cantilev¬

ers are nitride coated.

3.5.2 Gold Deposition and Patterning

Gold patterning is performed on the CMOS wafers as part of the post-processing

sequence (see Fig. 3.7). Since the wafer is considerably more fragile after the

(a) Photoresist mask

(b) Gold deposition

(c) Lift-off

(d)
Backside etch

(e) Front-side etch

Fig. 3.7: The gold deposition and patterning on the cantilevers, (a) Photoresist

is spun on and patterned, (b) Gold is evaporated, (c) Lift-off. (d)

Backside silicon etch, (e) Front-side silicon etch (cantilever release).

M.Crowley, Cork University Hospital, Ireland, private communication.
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backside bulk etching, the gold deposition is done before this etch step. However,

in order to minimize wear on the gold surface, as many of the preparatory steps

as possible are performed first, e.g. the dry etch opening of the backside nitride

mask and the front-side, oxide-removal dry etch.

A lift-off technique is used to pattern the gold. First, a dedicated lift-off resist

(LOR-7B, MicroChem, USA) is deposited. A normal, positive photoresist is then

spun on top. The UV exposure in the mask aligner patterns the normal photore¬

sist, but not the lift-off resist. The developer solution will, however, isotropically
etch into the lift-off resist, creating a re-entrant profile that causes a discontinuity
in the deposited metal layer. The discontinuity ensures clean and well-defined

edges.

A 3-nm-thick layer of chromium is first applied to improve the adhesion of the

gold. For the actual gold deposition, gold sputtering (150-200 nm) or gold evap¬

oration (150 nm) was used.

After the gold deposition, the wafer is immersed in an dedicated remover solu¬

tion (Remover PG, Microchem, USA) for several hours until the photoresist is

dissolved completely, leaving the gold in place only where it is directly in contact

with the nitride (or oxide) surface. Fig. 3.8 shows a pair of cantilevers, where one

cantilever has been gold-coated.

3.5.3 Cleaning

A thorough cleaning of the surfaces is necessary for all immobilization experi¬
ments. Generally, strong etchants are used, such as piranha solution (sulphuric
acid or ammonium hydroxide, and hydrogen peroxide) or aqua regia (hydrochlo¬
ric acid and nitric acid). These products are not only dangerous to work with,

they also degrade some sensor and packaging materials. Other, less aggressive

cleaning methods were therefore investigated.

After dicing of the wafers, the chips are immersed in acetone to remove the pho¬
toresist layers which were applied to protect the cantilevers during this process

(see Section 2.7.3). They are then rinsed with isopropanol and deionized (DI)

water. The water is blown away with a nitrogen gun. An oxygen plasma asher

(200 W for 3 minutes) is used to remove any organic residues. After packaging,
the cleaning must be performed through the capillary tubes. As a standard proce¬

dure, a sequence of acetone, isopropanol and deionized water is pumped through
the microchamber.
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3.5 Surface Functionalization

Fig. 3.8: Close-up photograph of a cantilever pair. The left cantilever has been

coated with gold, while the right one is left uncoated to act as a refer¬
ence cantileverfor unspecific binding and common-mode signals.

For the binding experiments, chemical cleaning for 2 minutes with diluted

(10 mM) hydrochloric acid (HCl) or sodium hydroxide (NaOH) was used prior to

the immobilization step. Deionized water was used to wash away the cleaning
chemicals. After repeated use of these cleaning agents, the chips would some¬

times fail, probably due to leakage in the protection layers and packaging. The

life-time of the chips was observed to be longer using NaOH instead of HCl.

Other techniques, for instance ozone cleaning, have been shown to be highly effi¬

cient on regular substrates. However, it has not yet been studied whether these

methods can also be applied to packaged chips.

3.5.4 Activation and Rinsing

For packaged chips, the immobilization of the biomolecular receptor onto the

sensor surface is performed by pumping the agent solution through the chamber.

Phosphate-buffered saline (PBS) solution is used as solvent for the receptor. Prior

to the receptor solution, pure PBS is injected to stabilize the system. PBS is also

used after immobilization to rinse away excess, non-bound receptor molecules.

The complete functionalization procedure is summarized in Tab. 3.1.
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Tab. 3.1: Functionalization procedure. The "agent" contains the

receptor molecules, for instance protein-A, thiols or

anti-bodies.

Product Time (min)

Acetone 1

Isopropanol 2

DI-water 1

NaOH or HCl 2

DI-water 10

PBS 2

Agent+PBS 30

PBS 2

DI-water 2

3.6 Characterization

The final goal of this sensor is the detection of biomolecules, and the sensor sys¬

tem has been optimized for this application. Since the signal levels in a typical
biomolecular binding experiment are small and strongly dependent on a variety
of experimental factors, surface chemistry preparation being one important

example, this type of experiments is not optimal for the systematic evaluation of

the sensors. Practical considerations of a multi-party project with parallel devel¬

opment also lead to the need for, e.g. testing of the sensors and electronics before

the functionalization process has been fully established and is ready for exploita¬
tion. The system and its different components have therefore been characterized

by a variety of non-biological methods, namely electrical, mechanical and chem¬

ical methods.

In the first place, a qualification of the signal conditioning chain of the on-chip

circuitry is important, to verify the amplification gain, frequency range and noise

level. Only with the knowledge of the characteristics of the circuitry connected to

Remove organic
residues and con¬

tamination

Clean surface

Stabilize

Immobilization

Flush
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the sensors can the output signals from the chip be correctly interpreted and

related to the original sensor signals.

3.6.1 Electrical Characterization

The sensors and electronic circuitry are tightly integrated on the chip and can not

be taken apart. There are however ways to decouple the sensors in order to meas¬

ure the circuitry part on its own. The input multiplexers provide a channel for an

external, differential signal to be fed to the input amplifiers. The response of the

circuitry to an injected test signal can therefore be characterized in terms of gain
and frequency response. Stand-alone sensors are also tested, with an alternative

instrumentation path and external amplification. In this case the advantages of the

single-chip integration are not exploited and, for instance, the longer non-ampli¬

fied signal path leads to the introduction of additional noise.

Sensor Offset

The offset voltage from the Wheatstone bridges could be measured directly on

test structures without on-chip circuitry. For dual-cantilever configurations the

offset was 1-3 mV at 5 V bias, which is within the specifications of the "low-off¬

set" circuitry design (5 mV). The offset of the circuitry-integrated sensors was

found by measuring the needed compensation voltage to balance the amplifier

output. The offset of the half-bridge configuration was 25±5 mV, well within the

range of the "high-offset" design (200 mV). The in-bridge compensation config¬
uration was functional, however, this configuration was susceptible to low-fre¬

quency fluctuations and light sensitivity. The focus was therefore set on the

dual-cantilever configuration, allowing for higher gain and exhibiting less drift.

Sensor Noise

A stand-alone sensor equivalent to the dual-cantilever bridge on the "low-offset"

chip was studied with a dynamic signal analyser (Hewlett Packard 3562A). The

output of the sensor bridge was amplified by an instrumentation amplifier

(Burr-Brown INA110) at a gain of 500 to obtain sufficient signal levels for the

analyser. The noise-power density spectrum in the frequency range 0.1 Hz to

10 kHz is shown in Fig. 3.9a.

In order to estimate the noise from the sensors only, the measurement was

repeated with the amplifier only (inputs short-circuited) and the difference

between both data sets was calculated (see Fig. 3.9b).
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Fig. 3.9: (a) Noise spectrumfrom a dual-cantilever sensor bridge including the

preamplifier (upper curve) compared to the preamplifier alone (lower

curve). The data are input-referred noise spectral power densities.

The specified thermal noise of the amplifier is h10 V /Hz, which

coincides with the high-frequency asymptote of the lower curve,

(b) Calculated difference between the measurements in (a). The differ¬
ence at lowfrequency (dominated by the 1/f-noise) is small, and some

calculated data points are negative and do not appear in the logarith-
mic plot. The high-frequency values around 2-10 V /Hz are consist¬

ent with the expected thermal noise of the sensor resistors,

1.7-lOr16 V2/Hz.

At high frequency, where the thermal noise is dominant, the input-referred noise

of the amplifier only is measured to be 1*10"16 V2/Hz, which is in agreement with

the specifications of the amplifier. The calculated noise of the sensors at high fre-

*-16w2
quency, around 210 V^/Hz, are consistent with the expected thermal noise of

the sensor resistors, 1.7-10"16 V2/Hz, calculated from the resistance of 10 kQ.

The 1/f-noise, seen at lower frequencies, is dominated by the amplifier, and the

substraction from nearly equal signals does not allow a conclusive analysis. The

expected 1/f-noise spectral density for the resistors at 0.1 Hz, using Eqn. (2.25),

is 2.5-10
15 V2/Hz, which is far below the noise levels of the amplifier at this fre¬

quency.
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On-chip Amplifier

The on-chip circuitry was characterized with the help of the test inputs and out¬

puts. The total gains are 49,55, 61 and 67 dB for the "low-offset" design and 50,

56, 62 and 68 dB for the "high-offset" chip. The bandwidth is 460 Hz. The noise

level of the on-chip amplifying chain was measured with the dynamic signal ana¬

lyser. The measurements were repeated with chopping disabled in the preampli¬
fier in order to evaluate its performance (see Tab. 3.2).

Tab. 3.2: Measured noise levels ofthe amplifier chain in the "high-offset" chip.
The noise is 2-3 times lower when enabling the chopper amplifier.
The total gain was 2500 (highest setting).

Chopped (10 kHz) Not chopped

Output
Input

referred
Output

Input
referred

50mHz-10Hz

50mHz-lkHz

50 mHz-5 kHz

1.1 mV

2.8 mV

3.1 mV

0.43 pV

1.1 pV

1.2 pW

4.1 mV

6.0 mV

6.1 mV

1.6 pV

2.3 pV

2ApV

3.6.2 Mechanical Deflection

A common way of characterising AFM cantilevers with integrated deflection sen¬

sors is to deflect the cantilever with a force on its tip, usually in order to obtain a

known deflection z, and measure the corresponding sensor output V. The stiff¬

ness k is easily calculated from resonance frequency measurements since, as

seen in Eqn. (2.13), the resonance frequency is a function of the stiffness and the

mass only. The mass, or equivalent mass in the case of non-rectangular cantilev¬

ers, is calculated from dimensions and material density. The applied force is then

found with F = k •

z, and a sensitivity S in terms of sensor output per applied
force can be calculated,

F kz
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This method can also be applied to the surface-stress sensors. However, it is

important to keep in mind that the force distribution is different to the one caused

by a surface-stress change, and the resulting sensitivity S does not directly trans¬

late into a measure of the surface-stress sensing capabilities. As seen in

Eqn. (2.15) and Section 2.4.3, the stress in this case is approximately linear along
the cantilever axis, and the average value which is detected by the distributed pie¬
zoresistors is half of the maximum value near the clamped edge. The measured

signals can be compared to results from FEM simulations as in Section 2.4.3.

Deflection Sensitivity

Deflection measurements were performed with the help of a piezoelectric actua¬

tor (piezotube). The cantilever chips were glued to small printed circuit boards,

which were mounted on a custom-made metal holder to fit into the scanning

stage of a commercial AFM system (Multimode MMAFM-2, Veeco Instruments

Inc.). On top of the piezotube, where for AFM operation the sample to scan is

located, a small wedge made from anisotropic etched silicon was placed. The

cantilever was then positioned to touch down with its outer edge on the wedge
(see Fig. 3.10). By actuating the piezotube in /-direction, an almost vertical force

could then be exerted on the contact point of the cantilever edge.

Fig. 3.10: Schematic of the mechanical deflection measurement. The cantilever

is bent by a punctualforce on its free end applied by the wedge, which

is moved vertically by the piezotube. The silicon wedge is fabricated

using anisotropic etching.

The z-actuation was controlled by the AFM software, which permits low-fre¬

quency, triangular ramping or manual stepping of the z-position. The output volt-
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age from the sensor Wheatstone bridge was recorded and related to the

deflection. Fig. 3.11 shows the linear response of the sensor to deflection ampli¬
tudes up to 1 pm. The sensitivity is 0.74 pV/nmfV.
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Fig. 3.11: Sensor output (with 5 V bridge bias) as a function of the deflection

amplitude for a test sensor (no integrated electronics). The linear

approximation (solid line) has a slope of 3.7pV/nm, equivalent to a

deflection sensitivity of0.74 pV/nm/V.

As seen in Fig. 3.12a, deflections down to a few nanometer are clearly detectable.

However, the low-frequent drift, attributed to instabilities of the mechanical

set-up, is in the order of 0.1 nm/s. All displacements in the relatively long
mechanical chain (glued cantilever chip, screwed PCB and clamped metal holder

in addition to the AFM piezotube) influence the signal. Another error source is

the creep of the piezotube as seen in the step response of Fig. 3.12b.

Noise measurements on a non-touching cantilever indicated a noise-level of

3 pV, with a resulting detection limit of 2 nm (three times RMS noise) at 5 V

bias.
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Fig. 3.12: (a) Amplified sensor response to mechanical deflection (ramping of
10 nm at 0.1 Hz). The signal drift is caused by the mechanical set-up.

(b) Amplified sensor response to mechanical deflection of the canti¬

lever. The step corresponds to a 100 nm deflection of20 seconds dura¬

tion. The sampling frequency was 1 Hz. The creep and drift observed

are attributed to the piezotube acting on the cantilever. The "hi-off-
set" chip usedfor these experiments had a gain of 320 and a bridge
bias of 5 V.

3.6.3 Humidity Measurements

In order to reproducibly generate a distributed surface stress, polymer coatings
have been studied as test system. The humidity-induced swelling of polymers has

been investigated by [Buchhold1998, Boltshauserl993] for the development of

humidity sensors. Silicon membranes were coated with polyimide and the stress

in the membranes was correlated to changes of the ambient humidity.

The same effect can be applied to cantilever sensors [Jensenius2002]. The expan¬

sion of the polymer can be expected to create the equivalent to a surface-stress

change on the cantilever. This is therefore a way to evaluate the sensors in an

operational concept close to the targeted surface-binding experiments, but with

less uncertainties in terms of signal response caused by biochemical factors and

thus better reproducibility. A known expansion can be used to quantify the sur¬

face-stress sensitivity of the sensor. Finally, different sensor designs can be com¬

pared directly if the polymer layers are identical.
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Humidity Cycling

The measuring cantilever was drop-coated with photoresist (Shipley S1818) as

sensitive layer, while the reference cantilever was kept uncoated. The estimated

layer thickness was 20 pm. The photoresist was cured in an oven at 100°C for 30

minutes. The humidity cycling was performed in a climate chamber (SB-305,
Weiss Umwelttechnik, Reiskirchen, Germany). A Labview (National Instru¬

ments) program on an external computer controlled the humidity and temperature

settings of the climate chamber. The temperature was kept constant and was veri¬

fied by the internal temperature sensor of the chamber (precision ±0.1 K). The

cantilever sensor was a test structure without on-chip electronics. The sensor out¬

put together with the chamber humidity is shown in Fig. 3.13.

Time [minutes]

Fig. 3.13: Cantilever coated with photoresist submitted to humidity cycling.

Voltage output from the sensor Wheatstone bridge (lower curve) and

measured humidity using a commercial sensor (upper curve). The

humidity is cycled between 50% and 60% with a period of57 minutes

(step up l%per 90 s,flat 900 s, step down 1% per 90 s,flat 900 s). An

offset calibration was performed before the measurement started.
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In Fig. 3.14, the sensor output signal is plotted against the measured humidity for

multiple cycles between 30% to 80% relative humidity. The graph shows the lin-
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Fig. 3.14: Sensor output plotted against the measured humidity during three

cycles between 30 and 80% RH. The sensor output has been low-pass

filtered (moving average of 100 samples at a sample rate of 1 Hz) in

order to better distinguish each cycle. The humidity change rate was

0.67%/min.

earity of the humidity response, but also reveals a hysteresis caused by the

absorption and desorption rate of the humidity in the photoresist layer. The sensi¬

tivity is 18 jiW/% RH, with a limit of detection of 1.5 % RH (at three times RMS

noise).

Temperature Cycling

With the same climate chamber, the sensors were also submitted to temperature

cycling, while the relative humidity was kept constant. A graph of the sensor out¬

put together with the temperature is shown in Fig. 3.15. The sensitivity to tem¬

perature is 110 pV/K. The response to temperature is not immediate, but shows a
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Fig. 3.15: Sensor output voltage and reference temperature inside the climate

chamber as aJunction of time, while cycling the chamber temperature

between 25 and 30 °C. The relative humidity was kept constant at

50% RH.

non-negligible stabilization time. This can partly be explained by the thermal

mass of the climate chamber. Another factor is the temperature-dependent parti¬
tion coefficient of humidity in the polymer. As the temperature changes, the

humidity in the polymer is driven towards a new equilibrium with the surround¬

ing humidity and the resulting change of humidity inside the polymer is detected

by the sensor, in addition to the effect of the thermal expansion of the polymer.

3.6.4 Volatile-Organic-Compound Detection

Analyte absorption in a polymer layer has been used in several ways to achieve

the detection of volatile organic compounds. Physical properties of the polymer
are changed by the absorption of the analyte, for instance, the dielectric constant

and volume in capacitive sensors [Kummer2004] or the mass in resonant sensors

[Lange2001]. The volume change due to absorption can, similarly to the adsorp¬
tion of humidity, be detected by the resulting stress change of a polymer-coated
cantilever.

The cantilever preparation was the same as for the humidity measurements in

Section 3.6.3, a drop-coating of photo-resist (Shipley S1818). The chips were

mounted in a custom-made, automated gas measurement flow system
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[Kolll999]. The flow system provides alternating a reference gas (dry air) and a

mix of analyte gas and reference gas through the sensor chamber. The concentra¬

tion of the gas mixture is programmable and the mixing is stabilized in one flow

line while the reference gas is provided through a second line. A rotating valve

switches the measuring chamber input between the two lines and provides a

sub-second change of concentration, which is suitable for determination of the

step response of the sensors.

Time [minutes]

Fig. 3.16: Sensor response ofa cantilever coated with photoresist to ethanol gas

concentrations from 600 ppm to 3600 ppm. The chip gain is 320 and

the bridge bias is 5 V. The lowest setting of600ppm is at the limit of

operation of the mass flow controller which makes the concentration

uncertain.

The sensor response to ethanol gas is shown in Fig. 3.16. The ethanol concentra¬

tion was ramped from 600 ppm to 3600 ppm in steps of 600 ppm. The chip out¬

put sensitivity is 6 pVlppm, corresponding to a detection limit of 250 ppm (3

times the background noise level). The on-chip amplification was 320 and the
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bridge bias was 5 V. The equivalent sensor sensitivity is 5 nV/ppm/V As seen in

Fig. 3.16, the response has a time constant of 25 s, attributed to the absorption

rate in the polymer.

3.6.5 Liquid Operation

Stability in Liquid

The first experiments with the chips in liquid environment were performed in a

dual-in-line (DIL) package. After wire bonding, the wires and the chip were cov¬

ered with a UV-curable epoxy (Epotck OG116) leaving only the cantilevers

unprotected (see Fig. 3.17b). A PMMA ring was glued on top of the package to

form a liquid reservoir (see Fig. 3.17a). The liquids were injected with a pipette.

Fig. 3.17: (a) Liquid cell for non-flow experiments. A PMMA ring is glued on

top ofa standard 28-pin DIL package, (b) Close-up ofthe sensor chip

inside the package. Bond pads and wires are covered by a protecticve

epoxy.

Renewal of the liquid in the reservoir consisted of cycles of extracting and inject¬

ing liquids with a pipette.

After injection of DI-water, a change in the sensor signal of 200-500 pV

(non-amplified) that would take 1-2 hours to stabilize was observed (see

Fig. 3.18). The open packaging caused the sensor to be sensitive to changes in the

liquid meniscus and was consequently not appropriate for high-sensitive meas¬

urements. However, it allowed for evaluation of the long-term physical stability
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Fig. 3.18: (a) Sensor output (non-amplified) after immersion in DI-water. The

Wheatstone bridge is biased at 2.25 V. (b) Photograph of a chip after
20 hours in PBS solution. A visible layer has built up on top of the

sensors. The chip was rinsed in DI-water and dried before the photo¬

graph was taken.

of the chips in different solutions. The (powered) chips had a life-time of more

than two to three days in DI-water. They would typically fail after 1 day in PBS

solution. In some cases a build-up of salt crystals was observed, suggesting that

electrolysis of the salt solution was taking place. Water was sometimes detected

between the chip and the protective epoxy, reaching the bond pads, indicating
that the epoxy did not stick well enough to the chip surface.

Care was taken to cover any exposed metal on the chip with epoxy. For instance,

the metal lines carrying biasing potentials for substrate and n-well during KOH

etching are exposed at the edges of the chip after dicing, and were subject to elec¬

trochemical dissolution if they were not protected.

External Flow Set-up

Once the chips were packaged in the PDMS package (Section 3.4.1) they could

be tested in a flow set-up. The first experiments involved the use of a syringe to

pump the liquid through the liquid chamber. It was seen that over-pressure in the

chamber would delaminate the PDMS plates and cause the liquid to leak between

the two plates. This was avoided by sucking the liquid through the chamber, thus

creating an under-pressure in the chamber.
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To achieve a controlled, slow flow in the chamber, a hydrostatic pressure driven

(gravitational flow) set-up was used (see Fig. 3.19). The teflon tubes have a inner

/
T

inlet reservoir

packaged chip

waste reservoir

Fig. 3.19: Schematic of hydrostatic-pressure-driven flow set-up. Theflow rate is

Junction of the height difference h.

diameter of 500 pm and the total tube length was 90 cm. The flow speed is

adjusted by changing the height difference between the inlet and waste reser¬

voirs. Moreover, by placing the chamber near the height of the inlet reservoir, a

minimal over-pressure could be achieved. To calibrate the flow speed, a precision
scale was placed under the outlet tube, allowing the drops to be counted and

weighed. A height difference of 30 cm was found to give a flow of 1 piUs. How¬

ever, residual air bubbles in the flow system caused perturbations of the flow

speed, which could not be avoided.

A peristaltic pump (MS-Reglo 7331, Ismatec, Switzerland) was used to obtain

higher and more reproducible flow rates. The pump was placed at the outlet,

sucking the liquid through the chamber, in order to avoid over-pressure that

would destroy the package. The pumping speed can be controlled over 30 steps,
each step equivalent to 0.05 pL/s. Although the average flow rate is easily con¬

trolled and the set-up is less vulnerable to bubbles, the rotating rollers of the

pump modulate the pressure and short-term flow rate. This can be seen in

Fig. 3.20a, where the roller motion is clearly seen in the sensor output. Since the

read-out sampling rate of 1 Hz was close to the frequency of the roller oscilla¬

tions, an aliasing pattern is seen in the graph.
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Fig. 5.20: (a) Sensor output at peristaltic-driven flow. The pressure modulations

caused by the pump fingers are around the same frequency as the

sampling rate (1 Hz), which results in a aliasing pattern in the graph,

(b) After the pump is stopped, there is a relaxation time before the sen¬

sor signal is stable.

A flow sensitivity of the sensor of 1.2 mV/V per pL/s was measured. Since the

read-out would be considerably influenced by the flow sensitivity, it was con¬

cluded that the flow needs to be stopped completely during high-sensitivity meas¬

urements. However, at the moment the pump is stopped there is a relaxation time

before the signal is stable again (see Fig. 3.20b). The compliance of the system

slows down the relaxation of the pressure. This effect can be reduced by stiffer

tubes, however, the peristaltic pump relies on a soft tube being pressed by the

rotating rollers.

The flow sensitivity of the sensor system is believed to arise from the asymmetric

input and output channels in the microfluidic chamber. Since the inlet channel is

vertically shifted from the outlet channel, there is a vertical flow component in

the chamber along the y-axis of the cantilevers. The flow therefore presses on the

cantilevers and creates a stress in the piezoresistors. In the case of a dual-canti¬

lever configuration, the different locations of the cantilevers experience different

pressure and the flow signal can not be cancelled out. An improved microcham¬

ber should therefore avoid this vertical gradient.

The most problematic issue, also for stopped-flow measurements, is the presence

of bubbles inside the chamber. A bubble near or touching a cantilever creates a

strong signal disturbance. Hermetical sealing of the packaging reduced the
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amount of bubbles, though they could not be avoided completely. Degassing of

the liquids was seen to greatly reduce the occurrence of bubbles. A desiccator

was used to degas all analyte and cleaning solutions for 30 minutes prior to the

experiments. The effect of the degassing is, however, limited in time (typically

only 1/2 to 1 hour).

Biochemical detection experiments

The combination of stopped-flow operation and degassing of the sample and

cleaning fluids provided a satisfactory experimental set-up. The next step is the

detection of biochemical and biological binding on the cantilevers. However, the

preliminary results do not show sufficient reproducibility. The biochemical prep¬

aration and surface functionalization is therefore under further development with

the goal of ensuring reproducible biological detection experiments.
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4.1 Scanning Probe Microscopy

4 CMOS AFM Array

Systems

After an introduction to atomic force microscopy (AFM) and related microscopy

techniques, the design of AFM cantilevers with integrated sensors and actuators

will be explained. Two examples of highly integrated AFM systems using canti¬

levers arrays will be presented, including characterization and imaging results.

4.1 Scanning Probe Microscopy

4.1.1 Scanning Probe Microscopy techniques

The AFM systems presented in this chapter are members of the scanning probe

microscopy (SPM) family. Whereas optical microscopes use lenses to scale up a

reflected or transmitted image and electron microscopes use electromagnetic
lenses to scan an electron beam over the sample, SPM features a measurement

probe scanned closely over the sample surface. Different types of SPM tech¬

niques can be distinguished by the type of interaction between probe and sample
used for the measurement. The lateral resolution is determined by the confine¬

ment of the interaction and by the precision of the scanning movement. Usually, a

piezoelectric actuator is used to obtain precise, sub-nanometer movements. The

sensitivity and resolution of the modulated signal determines the non-lateral

image quality factors, such as the height resolution in topology imaging.

Scanning tunnelling microscopy (STM) is one of the most famous examples of

SPM, which for the first time demonstrated image resolution down to single
atoms [Binnigl982j. A tunnelling current I~ V • e~az between the tip and the sur¬

face is exponentially dependent on their distance z, and small height differences

down to 105 nm can be resolved [Saridl994], As in many other SPM systems, a

feedback loop is used to maintain the distance between tip and sample constant

by controlling the z-axis position of the tip. Thus, the tip continuously tracks the

surface topography and the height information is read out from the z-axis actua¬

tion signal.
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STM is, however, limited to conducting surfaces. The invention of AFM

[Binnigl986] broke this barrier and permitted the imaging of soft, non-conduct¬

ing surfaces like, for example, biological samples. AFM is based on the interac¬

tion between the tip and the surface due to atomic or molecular forces, and the

measured force acting on the tip reflects the topography of the surface. Other

scanning force microscopy techniques use the detection of for instance magnetic
or electrical forces to image the magnetostatic or electrostatic properties of the

sample surface.

Scanning near-field optical microscopy (SNOM) is a more recent member of the

SPM family. A near-field light source, created by shining a light beam through an

aperture smaller than the wavelength of the light, is scanned over the surface and

the reflected or transmitted light intensity is recorded. The half-wavelength dif¬

fraction limit of conventional optical microscopes is side-stepped and lateral res¬

olutions of 50-100 nm can routinely be achieved [Hecht2000]. The light source

is controlled to stay at a constant distance from the sample, and the topography is

recorded at the same time as the optical properties.

4.1.2 AFM Detection Schemes

The first AFM systems used the deflection of small metallic wires to detect the

interaction forces, but soon microfabricated cantilevers of silicon, silicon dioxide

and silicon nitride with precisely defined properties and efficient batch manufac¬

turing were used instead.

In the beginning, the deflection was measured by the tunnelling current between

the cantilever and a reference tip, as if a stationary STM measurement is per¬

formed on the cantilever itself. However, optical read-out schemes have been

dominating ever since they were introduced in 1988 [Meyerl988]. These

schemes include laser-diode feedback, homodyne and heterodyne interference

and polarization detection systems, as well as the most dominating, the multiple

photodiode deflection method. More recently, non-optical methods based on pie¬
zoresistive force sensors, as presented in this thesis, have gained increased inter¬

est as they solve some shortcomings of optical systems.

4.1.3 Operation Modes

The topography read-out is usually done in constant-force mode, where a feed¬

back controller regulates the height of the sample in order to maintain a constant

tip-sample force. In constant-height mode the tip is scanned in the lateral direc-
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tions only and the varying forces, i.e. tip deflections, must be translated into top¬

ographical information.

AFM can be performed in contact or non-contact mode. In contact mode a rela¬

tively high force is used to keep a small tip-sample distance (repulsive regime).
The non-contact mode relies on the longer-range, attractive interaction forces and

is more suitable for soft samples.

The non-contact mode is in most cases associated with dynamic (or resonant)

operation, where the cantilever is driven to vibrate near its fundamental reso¬

nance frequency. The tip-sample interaction slightly shifts the resonance fre¬

quency and alters the vibration amplitude and phase at the driving frequency. For

constant-force imaging, the height is in this case continuously adjusted to main¬

tain a constant vibration amplitude or phase.

Although all combinations of these different techniques are theoretically possi¬

ble, most AFM imaging is done using either the constant-force, contact, static

mode or the constant-force, non-contact, dynamic mode.

4.1.4 Cantilever Arrays

The serial nature of SPM inherently limits the image acquisition speed. Also,

high resolution scanning stages provide only comparatively small scanning

ranges, typically below 100 pm. The use of arrays of scanning cantilevers is a

way to speed up the image acquisition rate and to extend the total scan area

[Minnel998, Minnel999f. Multiple cantilevers also provide redundancy and

allow for continued operation without having to replace cantilevers after individ¬

ual failure, which is of particular importance in embedded or autonomous sys¬

tems [Staufer2000], For chemical force microscopy and surface analysis, it can

also be advantageous to have an array of individually functionalized cantilevers,

permitting the realization of several different interaction assays simultaneously in

one experiment.

Although parallel or multiplexed optical systems have been investigated for

chemical sensing [McKendry2002], integrated sensing elements greatly simplify
multi-cantilever designs and have shown to be more efficient for SPM imaging

[Minnel998].

Finally, the prerequisite for simultaneous multi-cantilever, high-resolution topog¬

raphy imaging is height control for each cantilever. In most topography SPM sys¬

tems a piezotube or a similar actuator is used to move the sample relative to the
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single scanning cantilever. With several cantilevers tracking the surface, however,

the height actuation has to be performed individually for each cantilever. This can

be achieved by a highly integrated system with height actuation capability imple¬
mented in each cantilever itself.

4.2 Cantilever Design

The AFM cantilever developed during this thesis is designed for integration in a

cantilever array and is based on previous work of Dirk Lange [Lange2002j. Two

vital functions for force microscopy arc included in the cantilever itself: height
actuation by a thermal, bimorph actuator and force detection by piezoresistive

stress sensors. Both these elements are fabricated in the CMOS process and the

silicon cantilever is shaped in a post-CMOS process sequence as explained in

Section 2.7.

Piezoresistive

force sensor

7ÏÏ7T

^ ^^V

t
Bimorph actuation structure

Fig. 4,1 : Schematic of the cantilever design. The length and width are 500 pm

and 85 pm, respectively. The bimorph actuator segment is 250 pm

long. The piezoresistive force sensor is located near the clamped end.

A schematic of the cantilever design is shown in Fig. 4.1. The dimensions have

been chosen to obtain a cantilever stiffness k in the order of 1 N/m, which is

appropriate for both static and dynamic cantilever operation. The length of the

cantilevers is 500 pm, which provides sufficient distance between the chip bulk

and the sample surface, yet without making the cantilevers too long and fragile to

manufacture and use. The array pitch is set to 110 pm, so that adjacent, slightly

overlapping images from multiple cantilevers can be recorded with a x-y scanner

of 120 pm range. The width of each cantilever is 85 pm, yielding a spacing of

25 pm.
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4.2.1 Force Sensor

The CMOS process provides a p+ diffusion of 400 nm depth (source/drain imple¬
mentation) which is used for the piezoresistive force sensors. Four identical resis¬

tors form a Wheatstone bridge placed near the clamped end of the beam, where

the stress response from a tip force is maximum (see Eqn. (2.15)).

As seen in Section 2.4.2, the relative resistance changes of resistors aligned along
and across the cantilever axis are of opposite sign. The bridge resistors can there¬

fore be oriented pair-wise in the two directions, with all four resistor changes

contributing unidirectionally to the bridge output (see Fig. 4.2).

(a)

Fig. 4.2: (a) Piezoresistive bridge located near the clamped edge of the canti¬

lever, (b) The four resistors form a full Wheatstone bridge, with two

resistors along the cantilever axis and two resistors across.

4.2.2 Height Actuation

A resistive heater in combination with a bimorph layer stack allows precise
deflection of the cantilever by application of an electrical signal. The heater is a

diffused p+ resistor from the CMOS process. The bimorph is formed by the sili¬

con of the cantilever and a thick aluminium layer, the latter being composed of

the two CMOS metal layers merged through a "via"1 opening.

The higher temperature expansion coefficient of the aluminium (2.3-10 K ) rel¬

ative to that of silicon (2.6-10"6 K"') [Roberts 1981] will make the heated bimorph
bend downwards as the aluminium expands more than the silicon. The bending
(and radius of curvature) is uniform over the area of the heater element as long as

1. An opening of the insulating oxide between two metal layers.
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the temperature is uniform. The resulting deflection is, within the range of linear

operation, proportional to the temperature elevation [Chul993].

A large part of the cantilever is reserved for the actuator element in order to

achieve a substantial actuation range of several micrometer tip deflection. The

force sensor on the other hand is relatively small and confined to a short segment

of the cantilever (see Fig. 4.1).

4.2.3 Integration of Sensing and Actuation Elements

The actuator should move the cantilever tip down to and up from the sample sur¬

face by deflecting the cantilever, ideally without affecting the force sensor signal.
Their co-integration on the cantilever, however, leads to unwanted sensor-actua¬

tion coupling (SAC), caused by a combination of mechanical, thermal and elec¬

trical effects.

The heated bimorph element creates a bending moment along its length. Some

strain will also propagate into the adjacent, single-layer cantilever segments, but

as long as the sensors are placed sufficiently far away from the bimorph, the sen¬

sor signal is expected to be unaffected. However, when the actuation excites one

of the resonant modes of the cantilever, the whole cantilever will be oscillating,
with bending moments also in the sensor regions. A strong, mechanical SAC is

therefore expected at the resonance frequencies of the cantilever.

Thermal cross-talk can be expected since thermal actuation necessarily creates

heating and temperature gradients, and the piezoresistors used are influenced by

temperature changes (see Section 2.2.4). A static analysis of the temperature dis¬

tribution shows that the temperature decreases almost linearly from the heater

towards the bulk of the chip, which acts as a heat sink [Juilleratl999]. The force

sensor is therefore placed away from the actuator and as close as possible to the

bulk chip, where the temperature rise is smaller. Although the symmetry of the

bridge cancels out the influence from a uniform temperature field, temperature
differences between the resistors will affect the bridge output. The resistors are

therefore placed as close as possible to each other, so that the temperature gradi¬
ent causes minimal temperature differences.

The proximity of the leads carrying the driving signal for the thermal heater and

the leads connecting the Wheatstone bridge can cause capacitive SAC, although
this is only a problem for relatively high frequencies. Another electrical coupling
can arise through a shared power supply, if the high current through the heater
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affects the supply voltage for the sensor and amplification circuitry. Separate and

well-regulated power supplies are therefore desirable.

4.2.4 Frequency Response

Knowledge of the actuation performance at different frequencies is important for

the cantilever operation at high scanning speeds. The feedback and driving con¬

trol of the AFM imaging system has to be designed and operated in accordance

with the dynamic parameters of the cantilever system in order to optimize the

scanning performance.

When designing the associated control system, it is especially interesting to have

a mathematical model of the cantilever which can be integrated with the simula¬

tion tools that are used for the circuitry design, as this permits a complete simula¬

tion of the combined system. The model can be expressed as a transfer function,

with the actuation signal as input and the mechanical response of the actuation as

output. In our case, where the useful actuation is the deflected height of the canti¬

lever tip, and the actuation signal is the electrical power provided to the heater,

the transfer function is expressed as deflected tip height z per heating power P :

T
.

(m)
=
z^ (41)

1 actuation^ J n/ \\
v*-1/

P{(0))

A detailed physical model for the behaviour of an electrothermally actuated can¬

tilever, deriving the temperature distribution and using modal analysis to calcu¬

late a qualitative frequency response, has been developed in [Lange2002,
Lammerinkl990, Lammerinkl991]. In the following, a simpler, descriptive
model will be developed with the goal of providing a transfer function precise

enough for including the cantilever in a design simulation of a complete control

system [Volden2004]. The validity of this model will be justified by measure¬

ments of fabricated cantilevers presented in the next sub-chapters.

The power dissipated in the heating resistor warms up the bimorph and, eventu¬

ally, the rest of the cantilever. The cooling is taking place mainly by conduction

through the cantilever and the heat dissipated by convection through the air can

be neglected. Heat flows out from the cantilever through the base to the bulk of

the chip, which acts as a heat sink. As the frequency of the actuation signal

increases, the temperature oscillations are confined to a smaller area, due to the
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finite speed of the heat propagation [Lange2002]. The thermal actuation will

therefore show a low-pass characteristic.

We will associate the electrothermal heating with the transfer function of a first

order low-pass filter L{co ) of cut-off frequency coc:

Theater = 1(0)) = -^~ (4.2)

The mechanical response of the cantilever can be approximated by a damped har¬

monic oscillator //(co), with resonance frequency co0 and damping factor Ô :

Tcantilever = //(co) =

2

C°°
- (4.3)

-co + 2icoö + co0

Together with a scaling factor K, which represents the efficiency of the actuation

at near-dc operation, the total transfer function of the thermal actuation is:

-* actuation
~ "* J heater * cantilever V4"'^-/

or explicitly

2

~ = K-L(<o)H(<a) = K —^ —^ (4.5)
P coc + ico -co2 + 2icoô + co5

The amplitude of this transfer function with an example set of parameters is

shown in Fig. 4.3. The transfer function will be compared to measurements on

fabricated cantilevers in Section 4.4 and 4.5.

4.3 Fabrication and Packaging

The processing of wafers for the fabrication of AFM chips follows the general

procedure outlined in Section 2.7. After dicing of the wafers, the chips were

mounted on small printed circuit boards using epoxy glue and wire-bonded. For

characterization of the chips with a commercial AFM piezo-scanner, the boards
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z

\ f [Hz]

10 100 1000 10000 100000.

Fig. 4.3: Simulated amplitude of the transferfunction z/P as a function offre¬

quency f. The parameters are K=l m/W, (a0=250000 s
,

coc =600 s'1, Ô =300.

were mounted on a metal holder, similar to the one used for commercial AFM

cantilevers.

4.3.1 Connection Interface

In contrast to passive cantilevers for optical read-out, which only need a mechan¬

ical fixation usually obtained by clamping, cantilever chips with integrated
read-out and electronics need electrical connections. For testing and characteriza¬

tion, the above described packaging method is reliable and satisfactory. However,
in the perspective of developing these AFM systems into commercial instruments

that are relatively easy to use, a faster and easier way of replacing the chips is

desirable. AFM cantilevers have a limited life-time in normal laboratory usage,

and even if multi-cantilever arrays provide redundancy in case some cantilevers

are damaged, the whole chip eventually has to be replaced.

A connector solution was therefore developed, that avoids the need for wire

bonding and also provides a good fixation and alignment of the chip. This solu¬

tion also integrates into the fabrication process and does not demand additional,

cost-driving processing steps. For scanning operation on flat surfaces, any steric

extension on top of the chip has to be minimized, in order to allow for a small

angle between the cantilever and the surface (see Fig. 4.4).

p [m/WJ x

o.i

0.01

0.001
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connections

sample surface

/

scanning tip

Fig. 4.4: Schematic of a cantilever chip scanning a sample surface. If the con¬

nections to the chip extend high above the chip, the scanning angle
will have to be adjusted so that the surface is not touched by e.g.con¬

necting wires.

The presented plug-in concept is based on a clamping mechanism, where a thin

metal lever holds the chip from the top (sec Fig. 4.5). The lever is parallel to the

chip surface and extends only to the back part of the chips, where the bond pads
are located, so that the scanning angle can be kept small.

flexible -

substrate

metal clamp

\
contact bump

z

A A

chip

alignment bumps

Fig. 4.5: Schematic of the plug-in concept. The chip is aligned by metal bumps
in the holder fitting into backside holes in the chip. The metal clamp
holds the chip in place while pressing the contact bumps oftheflexible
substrate against the chip bond pads.

The chip rests on a metal holder which also provides alignment features. Using
electrical discharge machining, two small, precise bumps are made on the top
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surface of the metal holder (see Fig. 4.6a). The chips have corresponding open¬

ings at their bottom surface that the bumps fit into (sec Fig. 4.6b). A square open¬

ing of 300/^mx 300/mi provides a fix point and a rectangular opening of

300 pm x 500 pm, allowing translation, provides the angular fixation for the

round metal bumps. The openings are fabricated with the same backside KOH

etch as used for the silicon membrane fabrication (see Section 2.7) so that no

additional masks or processing steps are needed for the chips. The resulting holes

are grooves with walls that have a 54° angle to the chip surface owing to the ani¬

sotropic etching characteristics of silicon.

Fig. 4.6: (a) Chip holder with metal bumps for alignment, (b) Chip backside

with matching holes, anisotropically etched.

A thin, flexible substrate carries connection leads that terminate in gold covered

copper balls right under the metal clamp. The substrate used for evaluation was

the commercial "Gold Dot" product (Delphi Connection Systems, Michigan,

USA1) with a connector pitch of 167 pm. The gold balls connect directly to the

bond pads of the CMOS chips. The standard aluminium pads of the CMOS proc¬

ess are used without modification.

Fig. 4.7 shows an AFM chip mounted in the holder. The connector scheme allows

for easy replacement of the AFM chips with the help of normal tweezers. The

alignment features ensure the correct placement of the chip with a precision bet¬

ter than 25 pm. The contact resistance, measured using a chip that had two bond

pads connected to each other, was below 1 Q per contact.

1. http://delphi.com/connect/
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Fig. 4.7: AFM chip inserted into the clamp, seen from the side (a) andfrom the

top (b). The flexible substrate carrying the connection leads is seen on

the left side of the photos.

4.3.2 Tips for Enhanced Image Resolution

For AFM and other scanning probe imaging techniques, the lateral resolution is

dependent on the sharpness of the scanning tip, since the acquired image is the

result of a convolution between the tip and the sample [Castlel9971. For low-res¬

olution scanning, the lithographically defined triangular shape of the cantilever

end can act as the scanning tip. However, the sharpness of this tip is limited by

the lithographic definition and the subsequent silicon RIE that cuts the cantilever

out of the membrane. In order to achieve a higher resolution a sharper tip has to

be used, either by mounting a separately fabricated tip onto the cantilever or by

fabrication of tips directly on the cantilever.

From a production point of view it is desirable to develop an efficient wafer-scale

solution to avoid individual processing of each chip or cantilever.

Integrated Tips

The direct fabrication of tips on CMOS chips poses some challenges. In order not

to damage the electronic components, temperatures during post-processing
should not exceed 400 °C. This rules out the use of oxide sharpening

|Marcus 1990], which is a very common finishing technique for AFM tips. The

electronics must also be protected from etchants used during processing. Meth¬

ods to integrate a sharp tip in the cantilever silicon surface in a post-CMOS tech¬

nique have been investigated [Ono2002j. A tetramethylammonium hydroxide

(TMAH) solution was used to etch away the silicon around the tip. PECVD

(plasma-enhanced chemical vapour deposition) silicon oxide was used as mask
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material. An island of oxide defines the location of the tip, which is left as a sili¬

con pyramid with walls formed by the anisotropic etching (see Fig. 4.8a).

Fig. 4.8: (a) TMAH etching of integrated silicon tips. The square with rounded

corners is the oxide mask defining the tip location. The inner octago¬

nal is the tip being shaped by anisotropic etching, (b) Aluminium pads
attacked by the etchant.

This procedure was applied to a processed wafer with AFM arrays (before the

cantilever release from the front side). However, the aluminium layers were

clearly attacked during the TMAH etch, most probably through pin-holes in the

oxide layer that should have protected the aluminium pads (see Fig. 4.8b). Also,

the reproducibility of the tip shape was not sufficient, and variations in etch rate

over the wafer caused unfinished tips in some areas and over-etched, rounded tips

in others.

Composite Tip Mounting

Examples of separate tip fabrication with subsequent transfer of tips onto the

CMOS cantilevers have been demonstrated [Akiyamal999|. For the imaging

results presented in Section 4.5, sharpened silicon nitride tips prefabricated on

silicon nitride cantilevers1 were transferred onto the AFM cantilevers. The nitride

cantilevers were first perforated with a laser, to be more easily broken off at a

well-defined location close to the tips. The free end of the nitride cantilever carry¬

ing the tip was then glued on top of the AFM cantilever using a small dose of

t. Provided by Prof. Urs Staufer, University of Neuchâtel, Switzerland
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epoxy glue (see Fig. 4.9a). The alignment was done with translation stages under

a stereo microscope. After hardening of the epoxy, the nitride cantilever was torn

off, leaving the nitride tip on top of the AFM silicon cantilever.

Fig. 4.9: Mounted silicon nitride tips, (a) the nitride cantilever carrying the tip

was glued onto the AFM cantilever and broken off at the laser-cut

perforation, (b) a broken-off cantilever tip was manually placed on

top of the AFM cantilever.

This tip transfer technique however leaves the remains of the nitride cantilever

extending out from the silicon cantilever, with the result that the tip is not at the

very end of the cantilever. Consequently there is a great risk of touching the sam¬

ple surface with the cantilever end instead of with the tip. Another method was

therefore also investigated, where a broken-off nitride tip was picked up and

placed on the end of the silicon cantilever with the nitride remains pointing
towards the cantilever base. The results were better (see Fig. 4.9b), but the

method was more laborious and time-consuming.

a a

T^ÏTTVT /^ i »|rp|| f7t,«r ttt7it|^ lY/^¥ T¥ npi'w^w' wp-«rwji **v ^¥3 13 A \Z

This microsystem integrates an array often cantilevers together with analog elec¬

tronics on a single CMOS chip. The design has been developed and presented in

LLange2002J including some characteristics of fabricated chips. This chapter will

present a more complete characterization of these devices, which laid the base for

a more integrated design presented in the next subchapter.
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4.4.1 Cantilever Design

The CMOS process used is a high-voltage process offering extra layers for the

fabrication of high-voltage components in addition to the layers of a normal

low-voltage process (see Tab. 4.1). The extra layers also offer additional possibil¬
ities for sensor design. Most importantly, a deep n-well and a shallow p-well are

provided. N-type resistors can in turn be placed in the p-well for use as piezore¬
sistive elements. The shallow, low-doped p-well can also be used for piezoresis¬
tors.

Tab. 4.1: Process parameters for a 2.0-pm, high-voltage, double-metal

CMOS process (courtesy of austriamiaosystems, Graz, Aus¬

tria). (TCR = temperature coefficient of resistivity)

Thick¬ Sheet Min.
TCR

(10"3 K
Device layer ness

{pm)

resist¬

ance (Q)

width

{pm)

n-well 4.0 1900 5.0 7.3

deep n-well 6.75 900 5.0 6.2

shallow p-well 1.55 2000 5.0 4.6

n+ diffusion 0.5 27 2.4 1.4

p+ diffusion 0.55 57 2.4 1.5

metal-1 0.55 0.09 3 3.2

metal-2 0.9 0.06 3 3.1

The reticle design includes a series of arrays with some variations of the canti¬

lever structure. There are three different Wheatstone bridges, each applied in two

different cantilever configurations. In the first configuration, the deflection sensor

is located at the base of the cantilever and the thermal actuator in the middle seg¬

ment of the cantilever. In the second, "inverted" configuration, the thermal actua¬

tor is located in a broader base segment and the deflection sensor at the beginning
of the second, narrower end segment.

87



4 CMOS AFM Array Systems

The different Wheatstone bridge designs use different layers for the resistors and

for the connecting leads [Franks2002F The first design (A) uses p-well resistors

and p-diffusion connection leads. The second design (B) has the diffusion leads

replaced by metal lines. The third design (C) uses p-diffusion resistors and metal

connections. The presented characterization focuses on the non-inverted canti¬

lever configuration and C-type resistors.

4.4.2 System Design

The system includes multiplexers for selection of the active cantilever. The signal
from the selected Wheatstone bridge is fed through the dual input-multiplexer
and into a differential output amplifier of gain 23. An externally provided current

can be added to the bridge signal before the amplifier to compensate for the offset

from the sensor. The actuation input signal goes through the input multiplexer to

the driving module present for each cantilever. The module includes a sam-

ple-and-hold filter, so that the specified actuation signal for each cantilever can be

kept constant while the other cantilevers are selected and adjusted. The buffer

amplifier driving the heating resistor effectively implements a voltage gain of 2,

where the heating resistor, having a third, mid-way terminal, functions as voltage
divider for the negative feedback to the amplifier.

4.4.3 Characterization

Actuation Response

The frequency response of the cantilever actuation, i.e. the cantilever vibration

amplitude in response to a signal applied to the bimorph actuator, was measured

using an optical vibrometer (OFV 300/2000, Polytec, Germany) in combination

with a gain-phase analyser (HP-4194A, Hewlett Packard, USA). The gain-phase

analyser drives the cantilever actuator, scanning the frequency over the desired

measurement frequency range. The laser beam from the vibrometer is focused on

the cantilever end and reflected back into the vibrometer sensor, measuring the

axial velocity of the reflection spot. The velocity is returned by the vibrometer

controller as a proportional voltage and is recorded by the gain-phase analyser. If

the cantilever is driven harmonically, the amplitude of the oscillation can be cal¬

culated by dividing the measured velocity by 2jt/, where / denotes the actuation

frequency.
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In order to obtain the actuation efficiency, i.e. the deflection of the cantilever tip

per applied heating power, the exact heating power is calculated from the driving

voltage. When driven by a sinusoidal voltage V(t) = Vac sin tor, the instantane¬

ous, dissipated power in the resistor P = V /R will include frequency compo¬

nents at 2to only. However, the gain-phase analyser measures only the signal

component at the driving frequency co. Therefore, a dc component has to be

added to the sinusoidal signal in order to obtain vibrational components at the

driving frequency co.

In the experimental set-up, a dc component Vdc, equal to the amplitude Vac, was

added to the sinusoidal driving voltage from the gain-phase analyser. When

applying a total power P = (Facsincor+ VAc) /R, the vibration amplitude
recorded at frequency co is related to the heating power component

P» = 2Vac Vdc/R - smut.

In the approximation of a homogeneous silicon cantilever with rectangular cross

section, the fundamental resonance frequency of the cantilever can be estimated

with the help of Eqn. (2.13). Using an effective length of 450 pm due to the nar¬

row tip and a thickness of 4 pm, the expected resonance frequency is around

25 kHz. The cantilevers effectively show a fundamental resonance frequency
between 20 kHz and 25 kHz.
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Fig. 4.10: Measured frequency response of the thermally driven cantilever. The

driving power component at the measuringfrequency P^ was 1 mW.

89



4 CMOS AFM Array Systems

Consequently, the range for the frequency scans was chosen to be 10 Hz to

30 kHz, with close-up scans around the resonance peaks. A typical amplitude
transfer characteristic of the thermally excited cantilever is shown in Fig. 4.10.

Beyond a corner frequency of around 100 Hz the vibration amplitude decreases

with 1/f. This distinct low-pass characteristic is typical for the thermal actuation.

Around 24 kHz the fundamental resonance frequency of the cantilever is clearly

seen. The amplitude at the resonance frequency is comparable to the amplitude at

near-dc frequencies.

The data were fit to the model described in Section 4.2.4 and the superposition of

the fit model curve and the data can be seen in Fig. 4.11. The fit model is able to

100 1000

Frequency / [Hz]

10000

Fig. 4.11: Actuation efficiency of the thermally driven cantilever as a function of

frequency. Superposition of the fit model curve (grey line) and the

measured raw data (black dots).

closely represent the measured data points, and the model parameters can be

extracted. The actuation efficiency at low frequency, corresponding to K in

Eqn. (4.5), is 800 pm/W. The resonance frequency co0 is 140000 s"1 (or 22 kHz).
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Actuation efficiency

The amplitude values calculated from the optical vibrometer output signal

depend on the position of the laser beam on the cantilever, and even if care is

taken to focus the beam on the tip of the cantilever, some uncertainty in the opti¬

cally read-out values will be introduced. To verify these values, a second method

to determine the actuation efficiency was developed, using the a piezo-tube from

a commercial AFM system (Multimode MMAFM-2, Veeco Instruments Inc,

USA). With the Nanoscope running in force-distance ramping mode, the canti¬

lever tip was set to touch down on the surface. A known heating power was then

applied to move the tip away from the surface. The piezo-tube was adjusted to get

back to the same touch-down point. The cantilever deflection is then equal to the

applied piezo-tube height offset. The resulting dc actuation efficiency was com¬

pared to the efficiency determined by the vibrometer for low frequencies. The

low frequency actuation efficiency z/P = 800 /mi/W corresponds well to the

efficiency z/P = 700 pm/W obtained using the piezo-tube. The additional heat

transfer from the tip to the surface can explain the slightly lower efficiency in the

latter case. The measured actuation efficiency enables cantilever deflections up to

7 pm with a 5 V driving voltage (10 mW).

Array Uniformity

Around 50 cantilevers were tested and statistics on the parameter spread could be

established. Tab. 4.2 summarizes the model fit parameters from three arrays of

ten cantilevers. The spread in resonance frequency is also visualized in Fig. 4.12,

Tab. 4.2: Fit model parameters extracted from 3 identical arrays of each 10

cantilevers.

Parameter Mean Std.deviation Unit

co0 140 000 7800 s1

Ô 390 36 s"1

coc 690 39 s"1

K 7.6-10"4 8.810"5 m/W
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Fig. 4.12: Vibration amplitude as a function offrequency around the fundamen¬
tal resonance frequency often cantilevers in a single array.

which shows the superposition of the resonance peaks from all ten cantilevers of

one array.

The process variations in the processing of the cantilever arrays contribute to var¬

iations in geometry and physical characteristics of the cantilevers. The length and

width of the cantilevers are defined by photolithography and are precise to within

2-3 micrometer, thus having a high relative precision. A misalignment of the pho¬

tolithography mask with the wafer will change the dimensions of the cantilevers

in an almost uniform way across one array and would only be seen as a variation

between different arrays in the case of a rotational misalignment. The thickness

can however be subject to higher relative variations. Although the depth of the

n-well diffusion used as the etch stop in the electrochemical etch stop (ECE)

process is well defined in an industrial CMOS process, the quality of the ECE

process will determine the resulting membrane uniformity. When additional

membrane thinning is performed with RIE, the uniformity of this etching step is

equally important. In our case, the RIE etch used for membrane thinning seems

to be non-uniform, resulting in a thickness variation. It is therefore assumed that

the spread in resonance frequency reflects the thickness variations in the fabri¬

cated silicon membrane from which the cantilevers are released. As the resonance

frequency is proportional to the thickness (Eqn. (2.13)), the relative spread in res¬

onance frequency (±3% in the array from Fig. 4.12) would imply the same rela¬

tive spread in cantilever thickness. The variations between arrays are larger,
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4.4 Ten-Cantilever Multiplexed Array

around 6%, and can be attributed to the spread in thickness of the different mem¬

branes on the processed wafer, where each array is released from a separate

membrane.

Sensor-Actuator Crosstalk

The heater is confined to the middle section of the cantilever and creates a bend¬

ing moment over the length of the bimorph. Bending or stress caused by the ther¬

mal actuation should be minimal outside this area in order not to interfere with

the sensing principle. The stress sensors are placed at the clamped edge of the

cantilever, at 50 /mi distance from the heater, and should ideally only detect a

force acting on the cantilever tip. Such a tip force will create stress along the

whole cantilever, with a maximum at the clamped edge. With the present canti¬

lever design, however, a sensing signal was measured with the piezoresistors as

soon as the cantilever was thermally excited, without any force acting on the tip.
As seen in Section 4.2.3, this sensor-actuator coupling can be explained in terms

of the thermal gradient that extends outside the heater and generates a signal in

the piezoresistive Wheatstone bridge.
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Fig. 4.13: Amplified output signal of the piezoresistive Wheatstone bridge as a

function of the driving frequency f of the thermal actuation, while no

force was applied to the tip.

Parallel to the vibrometer read-out, the signal from the integrated sensor was

measured through the on-chip amplifier and also recorded on the gain-phase ana-
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lyser. Fig. 4.13 shows the output signal from the piezoresistive Wheatstone

bridge as a function of the frequency. The low-pass characteristic of the thermal

actuation is visible, as well as the peak from the mechanical resonance. In

between, around 10 kHz, there is a distinct dip in the sensor signal. In order to

investigate the nature of the crosstalk, the ratio between the sensor signal and the

actual vibration amplitude was calculated (see Fig. 4.14).
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Fig. 4.14: Output signal of the piezoresistive Wheatstone bridge divided by the

mechanical vibration amplitude measured with the vibrometer. Note

that the mechanical resonance around 22 kHz does not appear dis¬

tinctively in this ratio.

For low frequencies up to around 1 kHz, the cross-talk signal from the sensor is

constant. For these frequencies the cross-talk is explained by the thermal gradient

extending over the sensor bridge. Above 1 kHz the signal drops off, since the

temperature oscillations created by the heater are more and more confined and do

no longer reach the sensor. The steep rising slope from 10 kHz and onwards is

expected to be the capacitive coupling between actuation and sensor connecting

leads. The resonance frequency does not appear distinctively on this graph, since

the augmented mechanical vibration amplitude due to resonance induces a corre¬

sponding proportional strain in the sensor elements, and the resulting ratio

remains constant.
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4.5 Four-Channel Parallel Array

4.5 Four-Channel Parallel Array

This microsystem features, like the previously described design, an array of can¬

tilevers and integrated electronics. However, in addition to the analogue electron¬

ics, extensive digital circuitry is included, in particular a digital controller for

each scanning cantilever. Fig. 4.15 shows a photograph of the processed chip.

Fig. 4.15: Photograph of the monolithic AFM microsystem. The chip size is

7mmx 10 mm. The cantilever array points out from the chip on the

right side, the four analogue channels cover the right halfof the chip,

and the digital circuitry is in the dense block on the left half.

The cantilevers have piezoresistive force sensors and thermal actuators. Addi¬

tional cantilever structures provide a first-order, self-adjusting compensation of

the common offsets in the sensor array. Fully differential low-noise amplilication

stages are followed by pseudo-differential analogue-to-digital converters (ADC).

Each scanning cantilever has its own programmable digital signal processing

(DSP) unit, which acts as a controller for the cantilever deflection, via dig¬

ital-to-analogue converters (DAC) and power drivers for the thermal actuation.

The force and actuation signals are read out from the chip over its digital inter-
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face, which also allows the programming of operation modes and controller

parameters into the device.

4.5.1 Cantilever Design

Since the microsystem integrates the full sensing and actuation loop on-chip, the

electronics must be well tailored to the characteristics of the cantilevers and its

actuator and sensor elements. The basic cantilever construction was therefore

preserved from the previous, well-characterized designs, with similar dimensions

and with the same location of actuator and sensor elements. The rapid develop¬

ment pace of the commercial CMOS technology forced a change in the available

technology from the foundry. For this design, a 0.&-pm, low-voltage process had

to be chosen. Other than the lack of the deep n-well and the shallow p-well, this

meant a change in some of the process parameters as well. For instance, the sili¬

con part of the cantilever is made from the single available n-well of this process

with a nominal junction depth of 3.5 pm. The full cantilever array can be seen in

Fig. 4.16.

Fig. 4.16: Cantilever array with 500 pm long scanning cantilevers. The refer¬

ence cantilevers on the sides are 250 pm long and provide automatic

offset compensation.

Thermal Actuator

The actuator segment is 250 /mi long and contains an additional reference resis¬

tor located in between the meanders of the heating resistor (see Fig. 4.17a). Since
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4.5 Four-Channel Parallel Array

the two resistors are of same composition and are heated to the same temperature,

they exhibit the same relative heat-induced resistive change. This is used by the

driving circuitry to provide precise heating power independent of the temperature

[Barrettino2004].

The layer composition is as described in Section 4.2.2, with a silicon thickness of

3.5 pm and the double metal layer of 1.6 pm. The p+ diffusion (400 nm deep) is

used for the resistors. The resistance of the heating resistor is 1.3 kQ, as meas¬

ured on test cantilevers not connected to electronics.

Force Sensor

The same p+ diffusion is used for the four piezoresistors of the force sensor,

which are connected in a full Wheatstone bridge configuration (see Fig. 4.17b).

In order to increase the resistance of the Wheatstone bridge while still maintain¬

ing a small footprint, each resistor is composed of two 20-j«m-long, geometri¬

cally parallel, thin resistors in series using the minimum design width of 2 pm.

The resulting resistance of the bridge, which is also equivalent to that of each

resistor, is 900 Q.

o

piezo¬

resistors

(a)t

Fig. 4.17: (a) Actuator resistor design. The outer loop is the heater resistor, the

smaller loop is the reference resistor for temperature compensation,

(b) Force-sensing, piezoresistive Wheatstone bridge. Fach resistor is a

U-shaped diffusion of 2 pm width. Two resistors are longitudinal to

the cantilever axis (Rf ) and two are transverse (Rj).
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Reference Cantilever

As explained in Section 2.6.6, the release of the cantilevers causes an offset of the

force sensor output due to different stress in the piezoresistors. This offset signal
is in the order of 50 mV at 5 V bias; thus much higher than the force signals. The

offset value is, however, systematic and equal for all the sensors, as long as the

geometry of the cantilevers is the same. The sensor array therefore includes two

reference cantilevers, whose purpose is to isolate the common offset. The refer¬

ence cantilevers are situated at the sides of the cantilever array (see Fig. 4.16).

They are only 250 pm long and will not touch the sample surface during scan¬

ning. The sensor part in the lower region of the cantilevers, and also the surround¬

ing bulk structure, are identical to that of the scanning cantilevers. The signal
from a reference cantilever is substracted from the signal of the scanning canti¬

levers after the first amplification stage, effectively eliminating most of the sensor

offset. During the image-scanning experiments, no further offset compensation
was needed.

4.5.2 System Design

Although a device with 10 independently scanning cantilevers can be technically

fabricated, this first generation includes only 4 independent analogue channels to

reduce the chip size. By further optimizing the circuitry, omitting non-critical

features and test elements, a next generation design is expected to integrate ten

channels. For future compatibility the array was therefore designed with ten

scanning cantilevers, of which only four are activated by the integrated control¬

lers. Except from the shared digital interface, all the analogue and digital compo¬
nents described in the following sections are duplicated for each channel to allow

independent cantilever operation. The block diagram in Fig. 4.18 gives an over¬

view of the components included on the chip.

Analogue Circuitry

The differential voltage signal from the Wheatstone bridge is first amplified by a

programmable amplifier of gain 8 or 16, before the substraction of the equally

amplified signal from the reference cantilever is carried out. The following

anti-aliasing filter also includes a per-cantilever fine-adjustment of the offset

whereby an 8-bit DAC provides a programmable compensating current. Another

programmable gain stage (lx or lOx) is followed by a fixed gain stage (lOx)

before the signal is converted to digital by a 10-bit pseudo-differential ADC.
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Fig. 4.18: Block diagram of the AFM system chip. S denotes the force sensor,

and A denotes the thermal actuator. The feedback circuitry block is

repeated for each scanning cantilever, whereas the reference canti¬

lever and the digital interface block are shared.

The digital part (described in the next section) calculates the actuation signal
which is converted to analogue by a 10-bit flash DAC. The driving circuitry
includes a square-root builder in order to achieve a linear heating power in the

thermal actuator as a function of the control-signal voltage.

The reference voltages for the ADC and DACs are provided externally, so that

their working range can be adjusted in a flexible way according to the applica¬
tion. As an example, the forces are normally low when imaging in constant-force

mode, but vary more when performing force-distance measurements.

Digital Signal Processing

The per-channel DSP unit comprises two infinite-impulse-response (IIR) filters

to control the actuation in response to the force signal and the programmable

set-point. The filters implement the formula
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z~ zi_ï + a-zi_] + b-zi_2 + c-vi + d-vi_l + e- v,_2 +/• r (4.6)

where z is the actuation, v the measured force and r the reference value for the

force (the set-force). a,b,c,d,e and / are 11-bit signed fixed-point coefficients.

The filters store the previous two actuation and force signals between each itera¬

tion. The precision of the internal calculation is 16-bit. One multiplication and

one addition are executed per clock cycle, requiring six cycles for the complete
calculation. The true update rate of the actuation signal is limited by the ADC

which needs 11 clock cycles per conversion. With a typical clock rate of 1 MHz,

the update rate can therefore reach 91 kHz. The total calculation power of the

on-chip filters is equivalent to 16 million arithmetic operations per second, one of

the highest ever realized on a MEMS device.

The two filters can be programmed to perform different functions by choosing

adequate coefficients. The first filter has been used to compensate for sen¬

sor-actuator coupling by substracting a low-pass-filtered fraction of the actuation

signal from the sensor signal. The second filter has been used as a PID controller

for constant-force imaging. As a simple example, an integrating controller can be

implemented by choosing for instance c = -0.1, / = 0.1 and a,b,d,e zero (for a

integration factor of 0.1 ): z~ zi_l + 0.\ • {r- vf).

The coefficients a-f as well as the set-point force r are programmed over the

digital, industry standard I2C interface bus [Philips2005]. The first filter has indi¬

vidual coefficients per cantilever, the second uses a shared set. The I2C bus is also

used to select operation modes, amplification gains and output bit rates.

The force and actuation signals are read out from the chip over high-speed, serial

lines. For open-loop operation (or an off-chip control loop) an actuation signal

can be fed in through the serial input lines.

External Equipment

A piezo-scanner (Multimode, Veeco) was used as an x-y scanning stage. Since

the chip provides the z-actuation, any precise x-y stage would be sufficient for

operation. A printed circuit board provided stabilized power supply and reference

voltages to the chip. The data from the chip were sent to a computer using a

FPGA (field-programmable gate array) board that provided a high-speed serial

link. The I2C bus was connected to the same computer using a standard
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I2C-to-USB converter. A Labview graphical interface was used to program the

chip and visualize the data.

4.5.3 Cantilever Characterization

Characterization of the cantilevers was performed on test cantilevers that were

not connected to any circuitry, in order to have direct access to actuator and sen¬

sor signals without influence from electronic components.

Actuation Frequency Response

The frequency response of the actuation was measured with a vibrometer as

explained in Section 4.4.3. Fig. 4.19 shows a frequency scan from 10 Hz to

100 kHz. The overall response is similar to that of the cantilevers described in

Section 4.4, however the resonance frequency is higher (43 kHz). This can be

explained by the change of process parameters with layers of different thickness

and profile. In this design, the single n-well depth and the resulting cantilever

thickness is uniform along the length of the cantilevers.
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Fig. 4.19: Vibration amplitude z as a Junction offrequencyfor a thermally actu¬

ated cantilever. The applied dynamic heating power is Pm = 1.32 mW.

The resonancefrequency is seen at 43 kHz.
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The data were fit to the actuation-response model presented in Section 4.2.4. The

resulting parameters and the fitted curve together with the measured data are seen

in Tab. 4.3 and Fig. 4.20, respectively.

Tab. 4.3: Extracted parametersfromfitting the model in Section 4.2.4

to the measuredfrequency response.
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Fig. 4.20: Actuation efficiency (vibration amplitude z per driving power P ) as a

Junction offrequency. Superposition ofthefit curve (grey line) and the

measured data (black dots).
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Actuation Efficiency

The actuation efficiency was determined with the help of a piezotube as

explained in Section 4.4.3. The efficiency was found to be 250 /*m/W. The linear¬

ity of the actuation was verified by applying several heating-power steps up to

6 mW and by stepping the piezotube accordingly to track the deflections (see

Fig. 4.21). The drift and creep of the piezo-tube limits the precision of this

method for higher actuation amplitudes than 1 pm.
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Fig. 4.21 : Cantilever deflection z as afunction of the heating power P.

Sensitivity

The sensitivity of the force sensor was measured by bending the cantilever with a

piezotube and reading out the resulting voltage from the Wheatstone bridge. With

a biasing of the bridge of 5 V, the sensitivity was 5 pV/nm, thus a deflection sen¬

sitivity of 1 pV/nm/V.

4.5.4 Force-Distance Measurements

For force-distance measurements, the AFM system is operated in open-loop
mode. An actuation signal is fed to the chip and the force signal is read out while

the cantilever tip is cycled towards and away from the sample (see Fig. 4.22). As

the tip comes in contact and is pressed against the sample surface (b), the meas-
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ured force is a result of the combined stiffness of the cantilever and the tip-sam¬

ple interaction. For hard tips and surfaces, the slope of the force versus the

distance translates into the stiffness k of the cantilever. When the cantilever is

retracted from the surface (c), the tip stays attached due to adhesion forces and

pulls on the cantilever. At the snap-off point (d) the tip is released and the canti¬

lever is freely moving without interaction (e). A smaller pull-in force can also be

À Force

contact *^
approach

(a)

free

(e)

/N. DL

(c)\, "(d)

adhesion\J snap-off

Fig. 4.22: Idealized force-distance measurement curve: (a) the tip is approach¬

ing the surface, (b) after contact, the cantilever is bent against the

(hard) surface, (c) the tip is stuck to the surface as the cantilever

retracts, (d) the tip "snaps" off, (e) the cantilever is free.

observed, just as the tip reaches the surface. The snap-off and pull-in forces are

for measurements in air dominated by the capillary effects of the thin water film

covering most surfaces.

The quantification of these forces is useful for surface analysis and it is of more

interest to have a well defined contact area, than to achieve a smallest possible
one [Franks2002]. The measurements were therefore performed using spherical

glass beads with a known, accurate diameter, which were mounted on the canti¬

lever end to act as the contact tip. Glass beads of 20 pm diameter were glued

using an epoxy (see Fig. 4.23a) providing an estimated contact area of 0.03 pm .

The beads were left uncoated.

The sample surfaces analysed were small glass chips with gold patterns, which

were coated with either a methyl-terminated or an amino-terminated unde-

canethiol self-assembled monolayer (SAM). Fig. 4.23b shows the force-distance
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Fig. 4.23: (a) Glass bead of20 pm diameter mounted on a cantilever for surface

analysis IHafizovic2004 j. (b) Force-distance plots for different sam¬

ples: l=glass, 2-amino-terminated SAM on glass, 3=methyl-termi¬
nuted SAM on glass,

curves for the two SAM surfaces as well as for an uncoatcd glass surface. Four

consecutive cycles (approach and lift-off) are displayed. Both pull-in and

snap-off forces are visible. The snap-off force is strongest for the uncoated glass
surface and stronger for the amino-terminated SAM than for the methyl-termi¬
nated SAM. This agrees well with the fact that glass is hydrophilic due to surface

hydroxyl groups, the amino-groups are less hydrophilic, and the methyl-groups
are non-polar and hydrophobic [Hafizovic2004].

4.5.5 Constant-Force Imaging

For imaging, the chip was operated with the built-in IIR filters programmed for

PID control. The chip regulates the actuation power in order to keep the canti¬

lever tip in contact with the sample, with a constant applied force given by the

reference force values r. The read-out actuation signal will therefore follow the

topography of the sample while the cantilever is moved over the surface. The

error signal, the difference between the measured force signal and the reference

force, can also be read out through the serial lines.

Fig. 4.24a shows the scanned image of a silicon calibration grating. The step

height is 18 nm and the pitch of the grooves is 3 pm. The scanning speed was

20 pm/s, and the reference force was 50 nN. The IIR filters were also used to per¬

form on-chip real-time averaging of 300 data samples. The profile of a single line

scan across the step, recorded at 3 pm/s is shown in Fig. 4.24, which demon-
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F/g. 4.24: (a) Scanned image of a silicon calibration grating, lite step height is

18 nm, and the pitch is 3 pm. (b) Profile of a single Une scan across

the step.

strates a good tracking and vertical resolution of less than 1 nm [Hafizovic2004|.

Silicon nitride tips were used for these experiments (see Section 4.3.2).

The scanned image of a soft, biological sample is shown in Fig. 4.25a. The sam¬

ple is a dried-out network of chicken neuritcs on a silicon oxide surface. The ref¬

erence force was 10 nN and the scanning speed lOO^m. For comparison, an

optical microscope image of the same structure is shown in Fig. 4.25b.
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Fig. 4.25: (a) Dried-out network ofchicken neuritcs, recorded in constant-force-
mode, (b) Optical microscope image of the same sample

fHafizovic2004].
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Outlook

Summary

Multi-cantilever, CMOS-based microsensor systems for two different applica¬
tions have been designed, fabricated and characterized. The first system features

an array of surface-stress sensing cantilevers. Although primarily targeted for liq¬

uid, biomolecular detection, it has been demonstrated as a versatile platform also

for other measurements involving change of surface-stress including humidity
and volatile-organic-compound (VOC) detection with the use of polymer coat¬

ing. The second device is a complete system for AFM imaging featuring an array

of self-sensing and self-actuating cantilevers. Both systems integrate on a single
CMOS chip the sensor elements together with comprehensive electronic circuitry
for enhanced functionality and flexibility.

Certain general technical aspects and challenges are common to the two systems.

The combination of microcantilevers and piezoresistive detection has been

shown to be an efficient way of creating highly sensitive devices. These devices

have been realized using standard, industrial CMOS processing and subsequent

micromachining. The array designs can be easily scaled to any number of canti¬

levers. The post-CMOS processing has been improved through new processing

technologies targeted at protecting fine, fragile microstructures during critical

operations, such as wafer dicing.

The direct integration of high-gain amplification on the sensor chip poses chal¬

lenges in respect to sensor offsets. The use of Wheatstone bridges, crucial for the

reduction of cross-sensitivities, has been refined to highly symmetrical configura¬
tions. This translates into minimized signal offsets, as well as a reduced influence

from stray noise and common-mode disturbance.

The fabricated surface-stress sensing system allows single-cantilever measure¬

ments as well as symmetric, dual-cantilever configurations. In the latter case one

cantilever acts as a reference cantilever. Each cantilever has dimensions of

300 pm x 300 pm and features two diffused, 10-kQ resistors. The on-chip cir-
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cuitry consists of an input multiplexer, a low-noise chopper amplifier, a low-pass

filter, additional gain stages and output buffers. The total gain (between 49 and

67 dB) can be selected. Deflection measurements show a sensor sensitivity of

0.74 /mi/nm/V. The input-referred noise level of the circuitry is 0.43 pV in the

range of 50 mHz to 10 Hz. Coated with a polymer, the sensors were used for

humidity sensing and VOC detection.

Previous AFM designs were fully characterized in order to understand the

dynamic behaviour of thermally actuated cantilevers. These prerequisite studies

led to the design of a new, integrated cantilever-control system. The new AFM

system features 500/mvlong scanning cantilevers with integrated thermal actua¬

tors (for height actuation) and piezoresistive force sensors. Reference cantilevers

of 250 pm eliminate the inherent sensor offset arising from the built-in stress of

the surface layers. The analogue, fully-differential amplifier chain has a selecta¬

ble gain between 38 and 64 dB. The digital-signal-processing unit provides pro¬

grammable, closed-loop control of the cantilever actuation for constant-force

imaging. Four cantilevers can be controlled independently by individual control¬

lers. A digital interface is used for reading out the data and for programming

operating parameters. Image scanning experiments in constant-force mode show

a height resolution of 1 nm. Other operation modes allow, for instance, force-dis¬

tance measurements which have been demonstrated for surface analysis.

Outlook - Surface-Stress Sensor System

Testing of the surface-stress sensing systems in a liquid environment has revealed

many technological challenges. Leak-proof protection of circuitry and connec¬

tions suitable for mass-production will have to be developed. The electrical

potential between the silicon bulk and the cantilever, due to the biased n-well, can

cause electrochemical reactions. This could be reduced by alternative resistor or

cantilever designs.

Optimized design of the cantilevers and flow chamber would result in reduced

sensor flow sensitivity. Conversely, the flow-sensitivity can also be exploited for a

new type of flow sensor. For stopped-flow measurements, alternative pumps

could reduce the stabilization time, thus improving the signal acquisition. As a

long-term perspective, the addition of integrated pumps and filters to the sensor

system can lead to a full /<TAS device.
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In this thesis, the system performance has been throroughly investigated using

physicochemical model tests which could be easily performed in a repetitive
fashion. This builds the foundation for investigating biochemical assays in the

future. The first results in this direction do not show sufficient reproducibility yet,

but once the functionalization of the sensor surface can be performed in a more

reliable way, reproducible detection of biomolecules is expected.

Outlook - AFM Array System

The AFM system is currently limited by the capacity of the external interface. A

custom-made, real-time data acquisition program is needed to fully exploit the

data rates available from the chip, especially for parallel scanning. The sig¬
nal-to-noise ratio can be improved by further buffering and shielding of the

power supplies and off-chip connections. The power consumption of the thermal

actuation currently causes internal crosstalk, which can be solved by a symmetric

driving architecture. The footprint of the circuitry can be reduced by eliminating

test facilities and non-critical functionality. This will allow additional control

channels and true parallel operation of more cantilevers within the same chip
dimensions. The lateral resolution is limited by the tip quality, and although the

use of additional tips has been demonstrated, a sharper integrated tip is desirable.

Integrated elements on the cantilevers can provide additional sensing functions

for other scanning probe techniques, such as electric force microscopy. The chip

can serve as a base instrument for a range of micro- and nanoscale force interac¬

tion studies. Provided they are CMOS-compatible, post-processing techniques

can be added to achieve batch fabrication of tips and functionalization features.

The compact size and complete functionality makes this chip a candidate for

integration in other systems where force scanning is desired. With high-volume
CMOS fabrication, the chip could constitute the heart of a low-cost AFM system,

expanding further the exploitation of nanoscale imaging into new applications
and markets.
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