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Zusammenfassung

Das Verständnis molekularer Wechselwirkungen in komplexen Systemen, wie zum

Beispiel lebenden Zellen, stellt eine der grossen Herausforderungen an zukünftige

biophysikalische Forschungsarbeiten dar. In Anbetracht der riesigen Anzahl ver-

schiedener Moleküle in lebenden Systemen benötigt man spezielle Detektionsmecha-

nismen zur Analyse. In diesem Zusammenhang bleibt die Detektion an der flüssig/fest

Grenzfläche einer der vielversprechendsten Ansätze. Die Detektion von Molekülen an

der flüssig/fest Grenzfläche ist auch für viele Anwendungen wichtig, von der Anal-

yse industrieller Abfälle bis hin zu medizinischen Fragestellungen. Die Hauptan-

forderung an ein neuartiges Sensorsystem ist die Fähigkeit, Moleküle spezifisch mit

hoher Emfindlichkeit zu detektieren. Darüberhinaus ist es unerlässlich, dass viele

Reaktionen parallel detektiert werden können, um die Vielzahl der Wechselwirkun-

gen zu bewerkstelligen. Oberflächennahe, zweidimensionale Elektronensysteme in

Halbleitern erfüllen beide dieser Anforderungen.

Die vorliegende Arbeit beschäftigt sich mit der Entwicklung eines Sensors

basierend auf halbleitenden Silicon-On-Insulator (SOI) substraten zur Detektion von

biologischen und chemischen Molekülen. Mit diesem Sensor wurde die spezifische

Bindung eines Proteins an membranständige Rezeptoren mit hoher Empfindlichkeit

gemessen.

Die SOI Substrate bestanden aus einer 30 nm dicken, leicht p-dotierten (cBor =

1016cm−3), einkristallinen Siliziumsensorschicht mit (100) Orientierung, welche auf

einem vergrabenen Oxid mit einer Dicke von 100nm oder 200nm saß. Der Sub-

stratwafer bestand aus leicht p-dotiertem Silizium (cBor = 1016cm−3) mit einer Dicke

von ca. 650µm. Ein Kontakt auf der Rückseite des Wafers diente zum Anlegen

einer Gate Spannung, um die Ladungsträgerkonzentration in dem dünnen Sensor-

film zu kontrollieren, sowie den Arbeitspunkt festzulegen. Eine in den Elektrolyten

getauchte Ag/AgCl Elektrode diente zur Potentialkontrolle und zum Anlegen einer

Front Gate Spannung an der vorderen Oberfläche des Sensors. Der Zusammenhang

zwischen gemessenem Widerstand und Oberflächenpotential wurde in einer Kalibra-

tionsmessung bestimmt.
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Die Antwort des Sensors mit natürlicher Oxidoberfläche gegenüber Veränderun-

gen des pH-Werts und der Salzkonzentration wurde gemessen und die Messungen

stimmten mit der Site-binding Theorie und der Grahame Gleichung sehr gut überein.

Die Sensitivität gegenüber Veränderungen des pH Werts betrug −50mV/pH. Ad-

sorptionsexperimente von Poly-L-Lysin auf der blanken Oxidoberfläche liessen eine

Abschätzung der Sensitivität zu 1e−/100nm2 zu.

Um die Stabilität der Sensoren über lange Zeiten zu verbessern wurde die

Oberfläche mittels aufgeschleuderter Poly-Methyl-MethAcrylate (PMMA), sowie ko-

valent gebundener OctadecylTriMethoxySilane (ODTMS) Schichten hydrophobisiert.

Beide Methoden resultierten in einer hydrophoben Oberfläche, was durch Kontakt-

winkelmessungen bestätigt wurde. Auf den PMMA bedeckten Sensoren war die pH

Antwort stark reduziert, jedoch waren die Schichten nicht stabil genug für eine weitere

Verwendung als Passivierungsschicht. Dagegen war die pH Antwort auf den ODMTS

passivierten Sensoren nahezu unverändert, da die ODTMS Schichten permeabel für

H+ Ionen waren. Die ellipsometrisch bestimmte Dicke der ODTMS Schichten betrug

≈ 1.5 − 2 nm, was auf eine Monolage hindeutet.

Auf die ODTMS hydrophobisierten Oberflächen wurde mittels der Solvent Ex-

change Technik eine Lipidschicht bestehend aus DMPC, Cholesterol und DOGS-NTA

gebracht. Die Kopfgruppen der funktionellen DOGS-NTA Lipide wurden durch Zu-

gabe von Nickel bzw. EDTA enthaltenden Puffern umgeladen und diese moleku-

lare Umladung konnte mit dem Halbleitersensor gemessen werden. Die maximal

erreichbare Sensitivität betrug 1e−/650nm2. Das gemessene Signal für die Umladung

hing linear mit der Konzentration an funktionellen Lipiden an der Oberfläche zusam-

men und konnte in einem theoretischen Modell innerhalb der linearisierten Poisson-

Boltzman Theorie erklärt werden.

Das Potential der Sensoren, biomolekulare Vorgänge quantitativ zu messen, kon-

nte durch die Detektion der spezifischen Bindung von synthetisch hergestellten Pepti-

den und natürlichen Proteinen mit Histidine-Linker an die komplexierten NTA Kopf-

gruppen der Lipide demonstriert werden. Die Ergebnisse für die puren Histidin linker,

für 6 Asparaginsäuren mit Histidin linker, sowie für die natürlichen Proteine GFP und

LuSy wurden gemessen und ließen sich innerhalb des entwickelten einfachen Modells

erklären. Die Sensitivität gegenüber der Bindung von GFP betrug 1 Molekül / 65nm2.

Diese Messungen sind der bisher erste erfolgreiche Nachweis einer Proteinbindung

an einen Rezeptor in einer biokompatiblen Membran mit Hilfe eines Halbleitersensors.



Summary

Understanding the interactions between molecules in complex systems, such as the

cells of living organisms, remains one of the main challenges for future biophysical

research. Facing the huge number of molecules in living systems, sophisticated de-

tection techniques have to be applied. In this context, the specific and sensitive

detection of molecular interactions at solid/liquid interfaces remains one of the most

promising approaches. This detection is also becoming increasingly important for a

wide variety of applications and technologies, ranging from the analysis of industrial

waste to biomedical applications. The main requirement for new sensor technologies

is the highly sensitive and specific detection of molecules. However, at the same time,

for the applicability of the technique towards screening of biomolecular interactions,

the potential of simultaneous parallel detection is mandatory. Surface near, two di-

mensional electron systems in semiconducting materials are thought to fulfill both of

these requirements, a high sensitivity against surface events and the possibility for

highly parallelized devices through standard semiconductor technology.

In this thesis, a sensor device based on semiconducting Silicon-On-Insulator (SOI)

for the detection of biological and chemical molecules has been developed and specific

protein binding events to receptors incorporated into lipid membranes have been

detected with high sensitivty by these sensors.

The SOI wafers used to produce the sensor devices consisted of a 30 nm thick,

slightly boron-doped (c = 1016cm−3), single crystalline Si (100) sensor layer on top of

a buried oxide layer of 100nm or 200nm thickness. The substrate wafer underneath

the buried oxide was also slightly p-doped silicon and had a thickness of 650µm. The

whole structure was covered by a thin (1 − 2 nm) layer of native oxide. A voltage

applied at the back side of the wafer (Ubg) was used to control the charge carrier

concentration in the conducting sensor layer and to set the working point for the

sensor measurements. A Ag/AgCl reference electrode immersed into an electrolyte

on top of the sensor surface was used to control the potential of the electrolyte and

to apply front gate voltages. Calibration measurements were carried out to relate the

measured changes in sheet resistance to changes in the surface potential.

To verify the sensor mechanism, the response of the sensors with native oxide

surface against variations of the pH and the salt concentration of an electrolyte was

measured and compared to the theoretical predictions of the site-binding theory and
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the Grahame equation, yielding excellent agreement. The sensitivity of the pH mea-

surement was −50mV/pH and from the noise level, the sensitivity of the developed

sensor device was extrapolated to be 0.02−0.04 pH steps. By detecting the adsorption

of charged poly-l-lysine, the sensitivity of the sensors towards changes of the surface

charge density was estimated to be 1e−/100 nm2.

To reduce the drift of the signal over long times and to further functional-

ize the sensors, the surface was hydrophobized by the adsorption of Poly-Methyl-

MethAcrylate (PMMA) or the covalent binding of OctadecylTriMethoxySilane

(ODTMS). Both methods yielded a hydrophobic surface as indicated by an increase

in the contact angle. For the PMMA covered devices, the pH response was drastically

reduced, but the layer was not stable enough for the further use as passivation layer in

the lipid membrane experiments. Contrary, the pH response of the ODTMS covered

devices did not disappear due to the permeability of the layer for H+ ions, but the

layer was very stable due to the covalent bond to the surface. The thickness of the

ODTMS layers was determined by ellipsometry to be approx. 1.5 nm, indicating a

monolayer of silane on the surface.

As biomimetic test system, a functional lipid monolayer with incorporated DOGS-

NTA lipids was deposited on the ODTMS covered sensors. The headgroups of the

DOGS-NTA lipids were charged and decharged by nickel or EDTA containing buffer

and this charging was detected by the sensor with a sensitivity of 1e−/ 650nm2. A

theoretical model within the standard linearized Poisson-Boltzman theory was devel-

oped to explain the measured linear increase of the signal with the concentration of

incorporated functional lipids.

The potential of the sensor for the quantitative detection of biomolecular interac-

tions was demonstrated by measuring the specific and reversible binding of histidine

tagged artificial peptides and natural proteins to the functional lipid mono layer. As

example petides, the binding of His6Asp6, Green Fluorescent Protein (GFP) and

Histidine360 LumazinSynthase (His360LuSy) was detected and the obtained signals

were quantitatively explained with the previously developed model. The binding

of GFP was observed with a sensitivity of 1 molecule/65nm2 and was shown to be

reversible and specific.

So far, these binding measurements represent the first quantitative detection of

specific protein binding events to a functional and biocompatible lipid layer with a

semiconductor sensor device.



Introduction

The detection of molecular interactions at interfaces is of great interest for a wide

variety of applications, ranging from basic biological research and the screening of

new drugs to the analysis of industrial waste [Fodor, 1997]. One possible approach

to detect molecules at interfaces is the use of modern semiconducting materials as

substrate and sensor at the same time. The binding of a molecule at the interface or

a change of the surface charge density influences the band structure of the underlying

material and consequently the electrical properties of the semiconductor. When the

semiconductor is designed in a smart way, these changes can be detected and directly

read out by a computer device.

Apart from using smart semiconductor devices, other techniques have been devel-

oped for the detection of molecules at solid/liquid interfaces.

DNA chips are used to detect the hybridization of DNA and hence to read out

the genetic information of a DNA probe [Fodor et al., 1991]. On these chips, a huge

variety of different fragments of DNA is synthesized in a spot pattern on a glass slide

and the DNA to be analyzed is amplified in a polymerase chain reaction and labelled

with a fluorescent dye. The hybridization to the complementary strand on the glass

surface can be observed in a fluorescent microscope [Fodor, 1997, Chee et al., 1996].

Hence, the resulting spot pattern contains information about the DNA content and

by analyzing this pattern, the DNA sequence can be obtained.

To avoid the fluorescent label molecules, Infineon developed a fully electronic

DNA Sensor, where the receptor DNA strands are immobilized on interdigitated gold

electrodes. An inactive redox couple is attached to the DNA strand of interest. Upon

hybridzation, the redox couple is activated and hence the conductivity between the

interdigitated electrodes is changed significantly.

Even though these techniques work fine for the detection of DNA, for the analysis

of the interaction between proteins, labelling approaches are much more difficult to

apply. Attaching a label to a complex biomolecule, such as a protein, can result

in a change of the three dimensional structure or even in a loss of its functionality.

Therefore, for the detection of more complex interactions, label free detection schemes

have to be used.
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Among these, the most prominent example to detect protein interactions at sur-

faces is surface plasmon resonance (SPR). Surface plasmons are collective vibrations

of electrons at the surface of a conductor. In order to excite a plasmon by light,

energy and momentum of plasmon and photon must match. This is only possible, if

the conductor is coupled to a medium with a refractive index n > 1. At a defined

angle Θmin, momentum and energy of the plasmon and the photon are equal and

plasmons are excited. Changes in the refractive index at the surface of the conductor

are directly reflected by a shift in the angle Θmin. Therefore, changes at the surface,

such as the adsorption of molecules or changes of the bulk buffer can be detected.

SPR is very sensitive to mass changes at the interface and has been successfully used

to detect proteins down to surface concentrations of 0.01ng/mm2 [Dorn et al., 1998],

but its applicability to screen many interactions in parallel is limited.

Apart from SPR, impedance spectroscopy can be used to analyze molecular in-

teractions at interfaces. The complex impedance of an interface is measured during

a reaction at the interface and is interpreted with the help of equivalent circuits.

Changes in different frequency regimes can be attributed to different interfaces. For

example, supported lipid membranes on functionalized Indium Tin Oxide (ITO) elec-

trodes were used to detect the charging and decharging of NitriloTriaceticAcid (NTA)

functionalized lipids with nickel ions and EthyleneDiamineTetraaceticAcid (EDTA)

[Hillebrandt et al., 2002]. As these NTA-complexes can be used for the further bind-

ing of histidine tagged proteins [Schmitt et al., 1994], this system can serve as a model

system for the detection of proteins in native environment [Dietrich et al., 1995].

However, the sensitivity of this technique is not high enough to detect the binding of

proteins to the lipid layer [Hillebrandt et al., 2002].

In contrast to this, surface near quasi two dimensional electron systems in semi-

conductor materials are known to have a very high sensitivity towards changes at the

surface and can be parallelized. Many different material systems are being used to

study the effect of molecules on the conductivity of semiconductor systems.

An extensively studied system are Ion Selective Field Effect Transistors (ISFETs),

where the surface of a field effect transistor structure is sensitive to changes in the

electrolyte. ISFETs based on standard silicon technology have been shown to be

a versatile tool to detect chemical and enzymatic reactions [Kharitonov et al., 2001,

Cooper et al., 2001]. The direct electrical detection of cell signalling was realized

with recently developed semiconductor chips [Zeck, G. and Fromherz, P., 2001]. The
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capacitive detection of inversion layers in silicon structures was successfully used to

monitor the hybridization of DNA molecules [Fritz et al., 2002]. Silicon nanowires

have been demonstrated to detect the binding of streptavidin to immobilized biotin

with very high sensitivity [Ciu et al., 2001].

GaN based ISFETs have been shown to have a high response towards pH

changes of - 56mV/pH and have the additional advantage of being transparent,

so that a parallel optical detection is possible [Steinhoff et al., 2003]. Two di-

mensional electron systems in GaAs/AlGaAs hetero structures have a very high

mobility and are therefore a promising candidate for the detection of molecules

[Wu et al., 2001, Gartsman et al., 1998]. However, the instability of GaAs in aque-

ous solutions has vitiated every attempt to use this material as functional sensor in

biological systems [Adlkofer et al., 2000] and the development of the respective sur-

face chemistry for GaN devices has hindered the application of this system to real

biological samples so far.

In this thesis, a sensor device for the detection of biological molecules, based

on quasi 2d electron systems in Silicon-On-Insulator (SOI) substrates is developed.

The sensor device is characterized in electrolyte solution and good agreement was

obtained with the theoretical predictions for the pH-response and the response to

the ion concentrations (Chapter 3.2). To obtain a stable signal and a hydrophobic

surface, the silicon oxide was passivated with ODTMS and a lipid monolayer was

deposited on top of this passivated surface (Chapter 4.2). The monolayer consisted of

a DMPC/cholesterol matrix with functional DOGS-NTA chelator lipids incorporated

into this lipid monolayer. The charging and decharging of the NTA headgroups by

adding EDTA and nickel containing buffer was detected (Chapter 5). Additionally,

the specific binding of histidine-tagged artificial peptides and natural proteins to

this monolayer was detected with high sensitivity. These measurements present the

first detection of a protein binding event to a receptor in native environment with a

semiconductor device so far (Chapter 6).
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1 Basic Principles

The sensors developed in this thesis detect biomolecules at the solid-liquid interface,

where the solid is a semiconductor and the liquid is an electrolyte. To develop a

functional sensor for the detection of biological molecules, not only the bulk proper-

ties of both materials have to be known and understood, but also the interactions

at the interface are important. Moreover, biological considerations as well as the

understanding of of the surface chemistry are crucial for the successful detection of

biological molecules in their native state. In this chapter, the basic physical, chemical

and biological facts necessary to understand the further discussions are provided.

1.1 The SiO2/Electrolyte Interface

A silicon oxide surface in contact with an electrolyte solution builds up surface hy-

droxyl groups. These hydroxyl groups are charged depending on the electrolyte pH.

At the point of zero charge 1 the surface is neutral, for lower pH the net surface charge

is positive, for higher pH it is negative. Consequently, for physiological pH values

(pH ≈ 7), the net surface charge of silicon oxide is negative and controls the potential

drop into the solution. In this chapter, the relation between the surface potential ψs,

the pH of the solution, the surface charge density σ and the concentration of ions in

the electrolyte [n0, d0] will be presented with the help of the Poisson-Boltzman theory

and the site-binding theory.

1.1.1. Poisson-Boltzman Theory and Grahame Equation

The potential distribution in an electrolyte solution above a silicon oxide surface

is described by the Poisson-Boltzman theory. Figure 1.1 shows a SiOx surface in

an electrolyte solution. The charge density on the surface is σ and the electrolyte

contains different ions i with valency zi. The first layer of ions at the surface will

be oppositely charged to the surfaces, yielding a double layer (DL), over whom the

1for silicon oxide, the point of zero charge is pHpzc = 2.2

9
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Figure 1.1: Sketch of a charged surface immersed in an electrolyte solution (a). The concentration of
anions and cations reaches the bulk level of 0.1M after approx. 5nm (b). The potential
drops according to the solution of equation 1.4.

potential drops linearly. Beyond this double layer, if the electrolyte solution is in

thermal equilibrium, the concentration ni of the ion species i at a distance x from the

surface is given by

ni(x) = ni,∞ · exp

(
zieψ(x)

kBT

)
. (1.1)

where e is the elementary charge, kB is the Boltzman constant, T is the tempera-

ture and ni,∞ is the concentration far away from the surface. The total charge density

at a distance x is given by the sum of the different ion species:

ρ(x) =
∑

i

ρi(x) =
∑

i

nizie =
∑

i

zi e ni,∞ · exp

(
zieψ(x)

kBT

)
(1.2)

In addition, the Poisson equation

∂2ψ

∂x2
= −ρ

ε
(1.3)

has to be fulfilled. By inserting equation 1.2 into equation 1.3, the Poisson-

Boltzman equation

∂2ψ

∂x2
= −1

ε

∑
i

zieni,∞ · exp

(
zieψ(x)

kBT

)
(1.4)

is obtained.
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With the boundary conditions ψ|∞ = 0 and ∂ψ
∂x
|∞ = 0, for only mono- and divalent

ions in the solution, the relation between the surface charge density σ, the surface

potential ψs and the concentration of monovalent [no] and divalent [do] ions in the

electrolyte can be obtained to

σ =
√

8εε0kT sinh

(
eψs

2kT

) √
[n0] + [d0]

(
2 + e−

eψs
kT

)
. (1.5)

Equation 1.5 is known as Grahame equation [Israelachvili, J.N., 1985] and will be used

to discuss the measurements for varying electrolyte concentrations (Chapter 3.2).

1.1.2. Relation between Surface Charge and pH (Site-

Binding Theory)

To calculate the relation between the pH of the solution, the surface charge density

and the surface potential, two possible surface reactions occurring at the SiO2 / elec-

trolyte interface have to be considered. Figure 1.2 shows a schematic representation of

a silicon oxide surface in contact with an electrolyte. The chemical reactions between

Si

O

Si

O

Si

O

Si

O
-

OH OH2
+

O

Si

O

Si

O

Si

Figure 1.2: Schematic representation of the three different possible surface states of a silicon oxide
surface in contact with aqueous solutions. Depending on the solutions pH, the neutral
OH groups either lose an H+ or bind an additional H+ yielding positive and negative
surface charge densities.

the different species follow the equations

SiOH
Ka←→ SiO− + H+

s (1.6)

SiOH + H+
s

Kb←→ SiOH+
2 , (1.7)

where Ka and Kb are the two chemical equilibrium constants and H+
s is the surface

concentration of H+ ions. These can be obtained from the concentration of surface
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groups per unit area of the involved reactants as:

Ka =
[SiO−][H+]s

[SiOH]
(1.8)

Kb =
[SiOH+

2 ]

[SiOH][H+]s
. (1.9)

The net surface charge density σ is given by

σ = e([SiOH+
2 ] − [SiO−]) (1.10)

and the total number of sites per unit area is

Ns = [Si − OH] + [SiOH+
2 ] + [SiO−] (1.11)

The concentration of hydrogen ions at the surface ([H+]s) is related to the concen-

tration of hydrogen ions in solution ([H+]b) over a Boltzman-factor

[H+]s = [H+]b exp(−eψ0/kBT ) (1.12)

The relationship between [H+]b, ψ0 and σ can be derived from equations (1.8 - 1.12)

in terms of Ka, Kb and Ns, which are the characterizing parameters of a specific

oxide.

ln
[
H+

]
b
− ln

(
Ka

Kb

)1/2

=
eψs

kT
+ sinh−1 σ

eNs

(
1

4KaKb

)1/2

(1.13)

For this calculation, it is assumed that 2(KaKb)
1/2 � 1 and σ � eNs, both of

which are valid for SiO2.

In order to derive the relation between pH = −log10[H
+]b and ψs, σ should

be expressed in terms of ψs. It can be shown [Bergveld and Sibbald, 1988] that in

practical cases the double layer capacitance can be approximated by a simple constant

capacitance CDL, which gives the relation between σ and ψs:

σ = ψsCDL (1.14)

Therefore, equation 1.13 directly describes the relation between pH and ψs, but

needs further expansion for practical application. If we introduce the pH of the point

of zero charge (pHpzc) as a reference point on the pH -scale for which ψs = 0, it follows

from equation 1.13 that
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pHpzc = −log10

(
Ka

Kb

)1/2

. (1.15)

This value is called the point of zero charge, because ψs = 0 implies σ = 0. In other

words, pHpzc gives the hydrogen bulk concentration which results in an electrically

neutral surface. Combining equations 1.13, 1.14 and 1.15 finally yields

log (pHpzc − pH) =
qψs

kBT
+ sinh−1

(
qψs

kBT

1

β

)
. (1.16)

Here, for silicon oxide, pHpzc = 2.2 and β = 2q2Ns
√

KaKb

kBTCDL
. The deduction presented

here mainly follows [Bergveld and Sibbald, 1988], which also contains a further dis-

cussion of the topic.
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n - channel

electrode
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Figure 1.3: Sketch of a typical ’normally off’ ISFET. Source and drain region are n-doped, the
substrate is p-doped. With no gate voltage applied, no current is flowing through the
channel.

1.2 ISFET Based Sensor Devices

The sensor system developed in this thesis has many similarities with a conventional

Ion Selective Field Effect Transistors (ISFETs), which has been first introduced by

Bergveld [Bergveld, 1970]. A lot of work has been dedicated to the properties of these

devices, but until now, no real working protein sensor has been demonstrated. In this

chapter, the basic properties of these devices will be presented qualitatively, as their

understanding contributes to the understanding of the sensors used in this work.

ISFET devices are very similar to conventional Metal Oxide Field Effect

Transistors (MOSFET ) as used in modern semiconductor devices [Sze, S.M., 1981].

In contrast to MOSFETs, ISFETs have no metal gate and also react to the adsorption

of charged molecules in addition to an applied gate voltage. Figure 1.3 shows a sketch

of a typical ISFET based sensor based on a p-type silicon. The source and the drain

regions are n-doped, separated by a short channel which is typically several nm in

length. A thin layer of silicon dioxide is thermally grown over the substrate material

in the channel, isolating it electrically from the electrolyte on top of it. Immersed in

an electrolyte, an electrode is used to apply a gate voltage (VGS) and hence to control

the electrical conductivity in the channel.

Figure 1.4 shows the band structure of an MOS device in the three regimes that

can be distinguished depending on the applied gate voltage. For negative gate volt-

ages, holes are accumulated in the channel and no current can flow from source to
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Figure 1.4: Band diagram of a p-type MOS structure in the three different possible regimes. (a)
shows the accumulation case for negative gate voltages, whereas (b) shows the depletion
for small positive gate voltages and (c) the inversion for higher positive gate voltages.

drain, because one of the pn-junctions between source and drain is blocking and the

channel is cut-off (Figure 1.4 (a)).

For positive gate voltages, holes are depleted and the channel is not conducting

(Figure 1.4 (b)). By further increasing the gate voltage, the channel will be inverted,

i.e., electrons are accumulated and a thin conducting channel is built up between

source and drain, yielding a significant current from source to drain (Figure 1.4 (c)).

In this regime, the current from source to drain (ID) increases for increasing source-

drain voltage (VDS) until the so-called ’pinch-off’ is reached, where the source drain

voltage drop is extending over only part of the channel and the current is not increased

by a further increase of the source-drain voltage. The current voltage characteristics

consequently exhibit a saturation plateau. The most widely used characteristics of

such ISFETs are the ID − VGS and the ID − VDS relationships, which directly reflect

the different types of operation. Figure 1.5 (a) shows the typical dependence of the

channel conductivity from the gate voltage for an n-channel ISFET for a constant

source-drain voltage. As mentioned earlier, for negative gate voltages, the ISFET is

cut-off and no current can flow. For positive voltages, the channel is first depleted,

but for gate voltages above the so called threshold voltage Vth, a significant current

begins to flow.

Figure 1.5 (b) shows typical ID−VDS relationships for an ISFET for different gate

voltages. The dotted line separates the saturated region from the unsaturated region.
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Figure 1.5: Typical Id − Vgs characteristics for an n-channel FET device (a)(1 = normally on; 2
= normally off type). In (b), typical Id − Vds characteristics with various applied bias
voltages are shown. One can clearly distinguish between the saturated region and the
unsaturated region, separated by the dotted parabola.

The saturation of the current with the source-drain voltage can be clearly seen by

the plateau region. The higher the applied gate voltage, the higher the saturation

current.

The sensor devices developed in this thesis are similar to normally on, n-channel

thin film ISFET devices. In order to be able to interpret the measurements in terms

of a constant surface potential, the voltage drop between source and drain was kept

as small as possible, and hence all measurements were performed in the linear regime

of the unsaturated region.
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silicon (30 nm)
native SiO2 (1-2 nm)

SiO2 (100 nm / 200 nm)
silicon (675 µm)

Figure 1.6: Silicon-on-Insulator substrate. The layer structure of the wafers used throughout this
work was from bottom to top: Silicon wafer - buried SiO2 - silicon sensor layer - native
SiO2

1.3 Properties of Silicon-On-Insulator (SOI)

SOI Layer Structure

In recent years, new material systems have been tested to be used as basis for mod-

ern semiconductor devices. As the devices get smaller and smaller, the interference

between the devices gets more and important due to increased weight of leakage cur-

rents in the substrate wafer. In order to avoid these, the isolation of the conducting

channel through an additional buried oxide was tested, leading to the development

of Silicon-On-Insulator (SOI) material.

The typical layer structure of a SOI substrate is shown in figure 1.6. The con-

ducting silicon layer is sandwiched between two oxide layers, the top oxide serving as

gate oxide in the later devices and the buried oxide, insulating the channel from the

substrate wafer.

The wafers used for this thesis were produced with the ELTRAN technique

[Yonehara et al., 1994] as shown schematically in figure 1.7. The SOI and the in-

sulating layers are originally formed on top of a seed wafer. To do that, double

layered silicon having different porosities is formed on the seed wafer and a single-

crystal silicon layer is epitaxially grown on top of this layer. After that, a thermal

oxide is formed and the handle wafer is glued upside down to the layer structure on

the seed wafer. A water-jet technique is used to split off the seed wafer within the

porous silicon layer. Finally, a highly selective etching method is used to remove the

remaining porous silicon and by H2 annealing, the surface is planed on an atomic

level. The resulting layer structure with the thicknesses used in this thesis is shown

in figure 1.6.
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Figure 1.7: Process flow of the ELTRAN process to obtain high quality Silicon-on-Insulator sub-
strates.

Other methods used for the production of SOI are the implantation of a ox-

ide layer through the implantation with oxide ions (Separation by Implanted Oxy-

gen, SIMOX), which is described in detail in the literature. [Dong et al., 2004,

Tong and Gosele, 1993]
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Band Diagram of SOI Layer Structures

In this thesis, a SOI layer structure with a top silicon thickness of 30 nm was used

without further doping of the channel or the contact regions. Therefore, to understand

the device characteristics of the sensors used in this work, a basic knowledge of the

energetic band diagram of the pure layer structure is necessary.

buried oxide
(100 - 200 nm)

bulk silicon wafer
(675 µm)

silicon sensor layer
(30 - 80 nm)

native oxide
(1-3 nm)

CB

VB

032132thickness [nm]

EC

EV

EF

Figure 1.8: Schematic picture of the energetic band structure of the SOI substrates. The silicon
sensor layer is sandwiched between two oxide layers, limiting the current to the surface
near channel region. Changing the gate voltages influences the band structure and hence
results in a change of the conductivity of the thin layer.

In Figure 1.8, a schematic picture of the band diagram as obtained from the

simulation of the device with the software nextnano3 [Vogl et al., 2004] is shown.

The conducting channel is sandwiched between the barriers from the two oxide layers.

The silicon layer presents a quasi two dimensional electron system, which is strongly

influenced by the respective gate voltages applied to the gate electrodes on top of the

oxide layers. For the sensor case, a gate voltage is applied at the back interface to

drive the channel in a condition where surface events, occurring in the electrolyte are

detected most sensitively. If a high enough positive back gate voltage is applied, the

whole layer is inverted. This regime turned out to be best working for the detection

of protein binding events at the surface (Chapter 3.1.3.). In chapter 3.1.1., the device

characteristics resulting from this band diagram will be discussed in detail and in
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chapter 3.1.4. and 3.1.3. the experimental results will be presented.

Electrical Transport in Silicon

The current in a semiconductor is carried by electrons and holes at the same time

and the specific resistance ρ of a semiconductor can be described by

ρ =
1

σ
=

1

e(µen + µhp)
, (1.17)

where n and p are the concentrations of electrons and holes in cm−3, respectively. As

good approximation, for non compensated semiconductors,

σ = eµen for n-type semiconductors, i.e. p � n (1.18)

σ = eµhp for p-type semiconductors, i.e. n � p (1.19)

is fulfilled, where µe/h represents the mobility [cm2V −1s−1].

For a quasi two dimensional system, the resistance is given in terms of a sheet

resistance, being independent on the size of a squared area. Consequently, resistance

values of such systems are given in a square resistance. For real cases, where the

thickness of a conducting channel is very low but not zero as in the SOI sensors in

this work, the specific resistance and the theoretical square resistance are related to

each other by

Rsheet =
ρ

d
, (1.20)

where d is the thickness of the thin layer.
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1.4 Solid Supported Lipid Membranes

One of the most important structural elements of living cells is their outer boundary,

the plasma membrane. This membrane separates the cell inside from the outer envi-

ronment. Already in 1972, a generally accepted model of the plasma membrane, the

fluid-mosaic model was introduced [Singer and Nicolson, 1972]. In this model, the

membrane consists from a fluid bilayer of amphiphilic phospholipids and cholesterol.

This bilayer serves as a two-dimensional solvent for integral proteins and also contains

anchoring sites for peripheral proteins (Figure 1.9(a)).

In an aqueous environment, the formation of the lipid bilayer structure and the

incorporation of the proteins is driven by self-organization. This self assembly is

driven by the hydrophobic effect, the gain of free energy through the exclusion of

water during the aggregation of the alkyl chain parts of the lipid molecules and

proteins [Hoppe et al., 1982].

The lipid-protein membrane composite provides a manifold of the functions of

an individual cell. Together with the cytoskeleton bound to its inner side, it is

responsible for the mechanical stability and the viscoelastic properties of the cell

[Bausch et al., 1999]. Moreover, the plasma membrane regulates the transport of

water and other molecules from the inside of the cell to the environment and vice

versa. Hence it is also influencing the metabolism of the cell. The regulation of

the ion transport via switchable ion channels enables the cell to build up chem-

ical or electrical potential gradients across the membrane, which are the driving

forces for many cellular processes and also regulate the communication of cells

[B. Alberts, A. Johnson, J. Lewis, M. Raff, K. Roberts, P. Walter, 2002].

In order to study the properties of the plasma membrane, model membranes,

so called supported membranes are deposited directly onto a solid support. The

advantages of supported membranes, regarding the practical and scientific application

are generally accepted in literature [Sackmann, 1996, Steinem et al., 1996]. As these

membranes can be prepared from self assembly processes (see section 2.2.3.), the

preparative effort is reduced drastically.

By depositing only the upper leaflet of the bilayer on a previously hydrophobized

substrate, unwanted screening effects are omitted and charge effects are detected

with a higher sensitivity. Hence, this system combines two main requirements for a

working protein sensor. On the one hand, a specific receptor can be incorporated

into a native environment (i.e. the lipid monolayer). On the other hand, the signal
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Figure 1.9: Sketch of a lipid cell membrane with the lipid molecules, peripheral proteins and the
extracellular matrix (a). Model chelator lipid system as used in this thesis. The func-
tional headgroups can be charged and decharged on a molecular level and can also serve
a specific binding site for Histidine-tagged proteins (b) [Schmitt et al., 1994].

produced by the charge of any binding molecule is not reduced due to screening effects

of a water layer between the substrate and the biological system. Both, lipid mono-

and bilayers are well suited for coating applications of solid surfaces. Besides their

intrinsic biocompatibility they can be functionlized easily and transferred to many

different surfaces.

A common lipid system for the functionalization of surfaces is the chelator

lipid system, which is based on the reversible binding of a protein via histidine-

tag onto hydrophilic metal-chelator headgroups of lipids [Schmitt et al., 1994,

Dietrich et al., 1995, Rädler et al., 2000]. One important feature of this immobiliza-

tion technique is the oriented immobilization of the protein due to the engineered

histidine-tag in the protein site. To preserve this orientation, unspecific interac-

tions of the protein like penetration into the lipid layer or adsorption at interfaces

have to be suppressed. Additionally, proteins may unfold upon contact with hy-

drophobic surfaces and therefore loose their functionality. A histidine-tagged Green

Fluorescent Protein (GFP) was chosen as model protein to test the semiconductor

sensor performance. Due to its intrinsic fluorescence, emitting light only if the pro-

tein is correctly folded and therefore functional [Ormo et al., 1996], the binding of

functional GFP to lipid layers on glass susbtrates can easily be observed by fluores-

cence microscopy. Figure 1.9(b) shows a sketch of the lipid monolayer deposited on
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a hydrophobic solid surface as used in this work and also illustrates the reversible

charging and decharging of the NTA haedgroups with nickel and EDTA containing

buffer. Moreover, it also shows that histidine tagged proteins can be specifically and

reversibly bound to the complexed chelator lipids. The monolayer was composed

of a DMPC/cholesterol matrix with different concentrations of functional DOGS-

NTA (see section 2.2.3.) lipids incorporated in it. This lipid system has been shown

to specifically bind functional GFP by fluorescence spectroscopy and SPR before

[Dietrich et al., 1995, Schmitt et al., 1996].
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2 Materials and Methods

In order to have a working semiconductor sensor, which is able to detect biologically

relevant molecules in their native state, three major tasks had to be solved during this

thesis. The first part was the development and optimization of the semiconductor

technology to produce the bare surface devices. The second part was the design and

optimization of the measurement setup and to programm a measurement software.

Finally, the most challenging part was the development of the biofunctionalization of

the surface in such a way that on the one hand the semiconductor devices were not

destroyed and on the other hand, good enough surface properties were obtained for the

specific binding of biological molecules. In section 2.1, the semiconductor technology

is described, whereas section 2.2 describes the surface modifications. Finally, section

2.3 contains details about the measurement setup.

2.1 Sensor Production

In this section, the starting material - commercially available SOI wafers - as well

as the technology used to process the devices will be described. The details of the

process flow are described in the appendix.

Silicon-on-Insulator Substrate

SOI wafer consist of a thick silicon wafer, followed by a layer of silicon oxide (buried

oxide, BOX) and a thin layer of crystalline silicon on top of it. The structure is

covered by a thin layer of native oxide. The wafers used throughout this work were

purchased from Canon Inc., Japan and were produced after the ELTRAN (Epitaxial

Layer Transfer) process. Two different wafer types were used, differing only in the

thickness of the buried oxide. The wafers had a diameter of 6“ and a total thickness

of 650 µm. The substrate wafer was (100) silicon, slightly doped (1016cm−3) with

boron and had a resistance of 8 Ωcm−3. The buried oxide (BOX) has a thickness of

either 100 nm or 200 nm. The single crystalline silicon layer has (100 ) orientation, is

also boron doped (1016cm−3) and has a thickness of 30 nm. Like any silicon surface

25
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Figure 2.1: TEM image of the SOI layer structure after the metallization with aluminum
[Lindner, 2003]. The layer structure reads (from top to bottom): Epoxy glue from
the preparation, app. 70 nm Al, 30 nm Si sensor layer, 100 nm buried SiO2, bulk silicon
wafer.

under ambient conditions, the structure is covered with a native silicon oxide of 1-2

nm thickness.

Figure 2.1 shows a TEM image of one of the SOI wafers with 100 nm BOX

[Lindner, 2003]. One can clearly distinguish the different layers. The native oxide is

too thin to be resolved in this image.

Wafer Cutting and Cleaning

The sensor production is a single die process and consequently the wafers were cut

into single dice of 9.3 mm x 9.3 mm on a Suess Microtec Ritztisch before the further

processing. After the cutting, the wafers were blown with a stream of dry nitrogen. To

remove the remaining silicon dust and to start with reproducible surface conditions,

the wafers were sonicated and rinsed consecutively in acetone and isopropanol and

dried again under nitrogen. The single wafer pieces were stored in clean sample boxes

until the further processing.

MBE Overgrowth

To vary the doping concentration, some of the devices were overgrown with an

additional layer of doped silicon with a Molecular Beam Epitaxy (MBE ) process
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(a) (b) (c)

1 cm

Figure 2.2: Photo mask used for the sensor processing. (a) shows the outer edge definition, (b) shows
the hallbar structure with the positioning markers for the metallization (c) [Luber, 2002].

[Brunner, 2002]. In a MBE process, the wafers are exposed to silicon evaporated

with an electron beam and boron from a Knudsen-effusion cell at the same time.

The wafer is heated to 600o C to enable the diffusion of the atoms at the surface

resulting in high crystalline quality. The process takes places in ultra high vac-

uum (UHV). The thickness of the resulting single crystalline layer was chosen to

be 50 nm and the doping concentration was 1018cm−3. Only boron was used as

dopant [Riedl and Brunner, 2002]. Except for the measurement of the dependance of

the sheet resistance from the electrolyte salt concentration in section 3.2.1. and the

adsorption experiments with polyelectrolyte multi layers in section 3.2.2., all mea-

surements in this thesis were done on wafers with original, i.e. 30 nm thick slightly

p-doped (1016cm−3) silicon sensor layer. Throughout this work, these sensors will be

called undoped or slightly doped sensors to distinguish them from the additionally

MBE overgrown sensors.

Photolithography

The standard technology to define structures on a semiconductor wafer is photolithog-

raphy. A master structure is defined on the photo mask, which consists from a struc-

tured chromium layer deposited on a quartz glass. To define the master structure

on the wafer, a thin film of photosensitive polymer is spin coated onto the wafer and

hardened in an additional heating step. The photoresist is illuminated with UV-light

over the mask, developed and hardened again. After that, either the metallization

or the wet chemical etching takes place. The used photoresist was positive, meaning

that the illuminated regions were removed by the developer. The structures on the

mask to define the active regions of the sensor and to define the metal contacts are
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Figure 2.3: (a) Optical micrograph of the sensing device. Bright regions indicate conducting silicon,
insulating silicon dioxide appears dark. The dimensions of the active hallbar in the
middle are 240µm x 80µm. Seven contacts along the hall bar can measure the voltage
drop and are designed to yield the area normalized square resistance. The effective region
measured is 80 µm x 80µm. The contact in the bottom right was left free to enable the
additional metallization with a metal front gate. (b) Image of the sensor device after
the lift-off process. The source and drain contact are on the left and right, the seven
contacts to the hallbar are the small contacts on the top and on the bottom.

shown in figure 2.2.

The silicon layer is structured into an active hallbar in the middle, the metal

contacts are sitting on the outside of the chip. The hallbar dimensions are 80µm x

240 µm, the overall size of the chip is 9.3 mm x 9.3 mm. The outer edge of the chip

was also removed to avoid unwanted electrical contacting to the substrate.

Figure 2.3 (a) shows a microscopic image of the inner part of the sensor with the

active hallbar after the etching step.
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Etching

To define the active region, part of the silicon layer has to be removed. This was done

by exposing the photo resist covered and developed wafer to a mixture of HF, HNO3

and water. The chemical reaction for the etching of the Si layer is a two step process.

In the first step, the silicon on the surface is oxidized to SiO2, in a second step, this

oxide is dissolved by HF. The chemical reaction equation is given by:

3 Si + 4 HNO3 −→ 3 SiO2 + 4 NO ↑ +2 H2O

3 SiO2 + 18 HF −→ 3 H2SiF6 + 6 H2O

3 Si + 4 HNO3 + 18 HF −→ 3 H2SiF6 + 4 NO ↑ +8 H2O

(2.1)

As this etching process is not strongly selective between Si and SiO2 and the

etching rate is dependant on the doping concentration, special attention has to be

paid in order not to completely remove the buried oxide. However, when the silicon

sensor layer is removed completely, the color of the substrate changes. This color

change can hence be used as indicator for the etching time.

Metallization

The area of the ohmic contacts is defined in an additional photolithography step

after the etching of the silicon layer. Before the metallization, the native oxide layer

is removed with a HF dip. The metal is deposited in an evaporation chamber by

e-beam. The thickness of the deposited layer is measured with a quartz crystal micro

balance during the deposition. After the metal deposition, the photoresist and the

metal on top of it is removed in a lift-off process in acetone.

The sensor with metal contacts after the lift-off process can be seen in figure 2.3

(b). The source and drain contacts are 3 mm x 0.5 mm, the contacts to the hallbar

are 0.5 mm x 0.75 mm.
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1 cm

Figure 2.4: Image of an encapsulated sensor. In the middle of the chip carrier, the epoxy protects
the metallization from the electrolytes. Only the inner part of the chip is exposed to the
electrolytes. The metal contacts are bonded to the metal pads of the chip carrier which
are connected to the leads of the carrier. In this case, the empty leads are bend up. The
remaining leads can be plugged into a commercially available IC-socket.

Bonding and Encapsulation

After the metallization, the sensors were either functionalized in additional steps (see

section 2.2.2.) or used directly with only the native oxide covering the sensor layer.

In both cases, the active area of the sensor has to be exposed to electrolyte solutions,

but the metal contacts must not get in touch with the solution. This was achieved by

bonding the sensor into a chip carrier with an ultrasound bonder and encapsulating

the bond wires, metallization and contact pads with silicon rubber.

The bond wires were bonded to the carrier, but had to be glued with a two

component conducting glue to the chip. All attempts to bond the wire to the chip

resulted in the destruction of the buried oxide and hence in a breakthrough to the

substrate. Figure 2.4 shows a completely processed and encapsulated sensor with

the open active region in the middle. The details of the bonding and encapsulation

process are given in the appendix.
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2.2 (Bio-)chemical Preparation Methods

Only if the right surface chemistry is used for the passivation and the functionalization

of the sensor devices, a functional sensor with high enough sensitivity can be obtained.

In this section, all chemicals and buffer solutions used throughout this work are

described. If not stated otherwise, all chemicals were used without further purification

as obtained from the manufacturer. Moreover, the preparation techniques used for

the functionalization and passivation as well as for the deposition of lipid mono- and

bilayers are described.

2.2.1. Electrolyte Buffers

For the measurements of pH variations and changes in the salt concentration, buffer

solutions prepared with deionized water1 are used. 10 mM phosphate buffer, com-

posed from the two potassium salts K2HPO4 and KH2PO4 in the relation 4 : 1 was

used as buffer system. Throughout this work, this mixture will be called standard

PBS buffer. For the pH measurements, additional 90 mM KCl was added and the

pH was adjusted with KOH or HCl, respectively. For the measurements of the salt

concentration, the pH was adjusted at 6.4 and the concentration of additional KCl

was varied. Before the measurements, all buffers were degassed at room temperature.

For the adsorption of poly-l-lysine on the bare SiO2 surface (section 3.2.2.), differ-

ent concentrations dissolved in standard PBS buffer were used. In addition, 490 mM

KCl was added to the buffer and the pH was adjusted at pH = 6.4. Poly-l-lysine with

a molecular mass of 80.000 g/mol, corresponding to approx. 600 lysine monomers

per molecule was purchased from Sigma-Aldrich (Sigma-Aldrich, Germany).

For the adsorption of polyelectrolyte multi layers, buffer solutions with a con-

centration of 5 mg/ml of poly(allalamine hydrochloride) (PAH ) or poly(sodium 4-

styrenesulfonate) (PSS ) were prepared. The buffer system in these experiments was

10 mM tri-amoniumhydrochloride (Tris) with a pH = 7.5. Figure 2.5 shows the

chemical structure of poly-l-lysine, PAH and PSS.

1For all aqueous solutions water from a Millipore purification system (Millipore, Molsheim,
France) with a specific resistance of > 18MΩcm was used.
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Figure 2.5: Chemical structure of the three molecules used for adsorption experiments of polyelec-
trolytes. (a) poly-l-lysine, (b) PAH and (c) PSS.

2.2.2. Surface Passivation

In order to have a biocompatible and functional interface between a biological matrix

and a solid support, organic self assembled monolayers (SAMs) are suited to provide

a hydrophobic surface for the later modification. Moreover, these layers provide thin

passivation layers that prevent the unspecific adsorption and surface decomposition

on the one hand and minimize leakage currents on the other [Ulman, 1991]. For

the experiments with a functionalized surface, the processed chips were cleaned and

passivated before they were bonded and encapsulated in the chip carrier (see section

2.1). For the passivation of the SiO2 surface, two different approaches were used,

the spin coating of the surface with Poly-Methyl-MethAcrylate (PMMA) and the

covalent binding of OctadecylTriMethoxySilane (ODTMS ) to the surface. Before the

passivation the surface was cleaned again.

Cleaning of the Surface

After the metallization, the SiO2 surface was cleaned again. The cleaning consisted

of the following steps:

• Ultrasonication (3 min) and subsequent rinsing with acetone and methanol.

• Ultrasonication in a solution of 1 : 1 : 5 (v/v) ammoniumhydroxide (30 %) : hy-

drogenperoxide (30 %) : water for 3 min.

• Immersing the substrates in the same solution for another 30 min at 60 o C

(adapted partially from RCA cleaning method [Kern and Puotinen, 1970]).
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• Intensive rinsing with water (10 times).

After the cleaning, the surface was completely hydrophilic with contact angles

below 10o. Unless the sensors were functionalized directly after the cleaning step,

they were stored in glass boxes under vacuum (p ≈ 10−2mbar).

Covalent Immobilization of ODTMS

To get a covalently bound hydrophobic layer at the silicon oxide surface,

OctadecylTriMethoxySilane (ODTMS) was used as a surface coating. Figure 2.6

shows the chemical structure of ODTMS and a schematic illustration of the chemical

reaction to hydrophobize the silicon oxide surface. The silane molecules are dissolved

in dry toluene. They form covalent siloxyl bonds with the surface offering hydroxyl

groups. During this bond formation, they loose their methoxy headgroups to the

solution. The quality of the silanization strongly depends on the preparation param-

eters. Substituting the methoxy sidegroups by active chloro- (Cl−) groups increases

not only the reactivity with the surface, but also increases the probability of covalent

bond formation between different silane molecules in the bulk solution. Already small

amounts of water in the solution lead to a polymerization of the silane molecules, while

surface water blocks the hydroxyl groups at the surface. On the other hand, without

any water at the surface, the surface groups can not be hydrolyzed. The temperature

of the solution has to be kept in a certain range. Too high temperatures result in

a gauche rotation of the alkyl chains and will hence hinder the formation of densely

packed monolayers. At low temperatures, the alkyl chains will crystalize. For the

formation of densely packed hydrophobic layers on the sensor surfaces the following

procedure was used:

• Cleaning the substrates after the standard cleaning procedure as described

above.

• Drying the substrates in vacuum over night to remove remaining surface water.

• Preparation of a mixture of dry toluene (solvent with molecular sieve, water

content < 0.005%) with 5vol% ODTMS and 0.5vol% Butylamine as catalyst.

• Immersing the sensors in this solution and sealing of the reaction container

• Ultrasonication for 60 min at a temperature of 14o C.
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Figure 2.6: Chemical structure of ODTMS (n=18) used to hydrophobize the silicon oxide surface
(a). Schematic illustration of the chemical reaction (b). Depending on the reaction
parameters, the silanes at the surface bind to each other or to the silicon oxide surface.

• Incubating the sensors in the same solution for 30 min.

• Ultrasonication and intensive rinsing in pure toluene and methanol to remove

remaining physisorbed and polymerized silane molecules.

Spincoating PMMA

Instead of using the covalent binding of ODTMS, a hydrophobic surface for the further

functionalization can also be achieved by the deposition of polymer layers with the

spin coating technique. However, the stability of the spincoated layers is not very
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high and once water enters the region between the polymer layer and the hydrophilic

substrate, the complete passivation layer will lift off. I tested the deposition of Poly-

Methyl-MethAcrylate (PMMA) to get a hydrophobic surface.

Before the spin coating, the sensor surfaces were cleaned after the standard clean-

ing method as described above. The sensors were deposited on the spin coater and

covered with a drop of toluol. The toluol was removed by spinning the sensor at a

speed of 1000 rpm for 60 s and subsequent blowing with nitrogen. For the spin coat-

ing of the passivation layer, PMMA (P.S.S., Germany, Mw = 31.000) was dissolved in

toluene at a concentration of 1mg/ml. Approx. 1 ml of this solution was put on the

device and spun at 1000 rpm for 60 s. After additional blowing with nitrogen, the

hydrophobic samples were stored in glass boxes under vacuum until the encapsulation

(see Section 2.1).
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2.2.3. Preparation Methods for Lipid Membrane Experi-
ments

The preparation of supported lipid membranes is very well established

[Sackmann, 1996] and a lot of work has been dedicated to the optimization of the

experimental methods. Supported lipid layers can come about in two forms, as bi-

layers on hydrophilic substrates and as monolayers on hydrophobic substrates. Both

forms were used as functionalization layer and the preparation techniques used to

form these layers will shortly be described in this section.

All lipids were purchased from Avanti, Inc., USA and stored in chloroform at

−18o C. Figure 2.7 shows the chemical structure of the different components of the

lipid membranes used in this thesis. For both, lipid mono- and bilayers, a mixture of

DMPC 2, cholesterol and DOGS-NTA 3 was used.

Preparation of Lipid Bilayers

Several preparation techniques are available to establish a lipid bilayer on a

solid support. Asymmetric bilayers can be prepared by the subsequent de-

position of two monolayers with the Langmuir-Blodgett and the Langmuir-

Schäfer transfer from the air/water interface [Kuhner et al., 1994, Sigl et al., 1997,

Tamm and McConnell, 1985, Elender et al., 1996]. Although this technique is best

suited for the preparation of asymmetric bilayers, it is experimentally very compli-

cated and time consuming. A simpler approach to get bilayers is the implementation

of self organized processes like solvent exchange [Lang et al., 1994] or direct spreading

[Nissen et al., 1999, Rädler and Sackmann, 1997].

If proteins should be incorporated into the supported membrane, the fusion of

small unilamellar vesicles containing these molecules is suitable [Cornell et al., 1997,

Stelzle et al., 1993, Salafsky et al., 1996]. The formation of the bilayers is believed

to occur in three steps: (i) adhesion of vesicles (ii) bursting and (iii) membrane

spreading into patches towards the formation of homogenous layers. In this thesis,

the vesicle fusion technique was used to form supported membranes on hydrophilic

SiO2 surfaces.

The desired amounts of lipids in chloroform solution were mixed in a glass flask

to yield a total lipid concentration of 1 mg/ml solution. Afterwards, the solvent was

21,2-dimyristoyl-sn-glycero-3-phosphocholine
31,2-dioleoyl-sn-glycero-3-{[N(5-amino-1-carboxypentyl) iminodiaceticacid]succinyl)}
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(a)

(c)

(b)

Figure 2.7: Chemical structure of DMPC (a), DOGS-NTA (b) and cholesterol (c).

evaporated under nitrogen and the glass was stored under vacuum over night. The

dried lipids were dissolved in degassed standard PBS buffer to a final concentration

of 1 mg/ml and were stored at a 37o C for 2 hours. During this time, the lipids

self-assemble into multilamellar vesicles. Finally, this mixture was sonicated for 10

minutes to get unilamellar vesicles. Directly after that, the vesicles were injected in

the flow chamber on top of the sensor surface. After incubation for app. 2 hours, the

formation of the bilayer was done and the chamber was rinsed extensively with buffer

solution to remove remaining vesicles from the surface and from the bulk solution.
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Preparation of Lipid Monolayers

On hydrophobic substrates, lipid monolayers with the headgroup facing to the elec-

trolyte bulk can be deposited as biomimetic model system for the outer leaflet of

a biological membrane. For an electronic sensor, this has the advantage that no

residual water and hence no screening of the charges appears between the substrate

and the lipid layer. Many techniques can be used to form a lipid monolayer on a hy-

drophobic support, such as vesicle fusion [Dorn et al., 1998, Plant, 1993, Plant, 1999],

the Langmuir-Schäfer technique [Parikh et al., 1999] and the self organized as-

sembly from ethanol or other solvents [Miller et al., 1990, Florin and Gaub, 1993,

Steinem et al., 1996]. The monolayers on hydrophobic substrates used in this the-

sis were prepared after this ’solvent exchange’ method.

The desired amounts of lipids in chloroform solution were mixed in a glass flask

to yield a total lipid concentration of 1 mg/ml solution. Afterwards, the solvent was

evaporated under nitrogen and the glass was stored under vacuum over night. The

dried lipids were dissolved in ethanol to a final concentration of 1 mg/ml and injected

into the chamber. The spontaneous formation of the lipid monolayer was initiated

by rinsing the chamber with degassed standard buffer with a flow rate of 10µl/s. A

peristaltic pump (ISMATECH, Germany) applied this flow for 10 s, followed by a rest

time of 90 s. After approx. 2 hours, the chamber was rinsed with buffer to remove

all residual lipids and ethanol.

Membrane Based Charge Sensor and Protein Binding Experiments

The chelator lipid system used in this work consisted of DMPC, cholesterol and

DOGS-NTA. The NTA headgroups of the DOGS lipids can be used to reversibly bind

a protein via histidine-tag [Schmitt et al., 1994, Dietrich et al., 1995]. Moreover, the

DOGS-NTA lipids themselves already provide an easy test system for the performance

of the SOI sensors, as they can be charged and decharged upon exposure to different

buffers.

The functional NTA headgroups of the lipid layers can be charged with divalent

nickel ions and decharged by removing these nickel ions from the headgroups. The

removal was done by adding a strong competitor for divalent ions. In this work,

EthyleneDiamineTetraaceticAcid (EDTA) was used. Nickel buffer consisted from

10 mMPBS buffer with 1 mM NiCl2 and 150 mM KCl added for the equilibration

of the two buffers on the DMPC monolayer. The EDTA buffer contained 50mM
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protein or artificial peptide

with 6His linker (GFP)
Ni2+

EDTA

EDTA

2-2- 2-

x- x- x-

Figure 2.8: Model membrane system as deposited on the sensor devices. Upon buffer exchange,
the net charge change of the functional lipids is 1 e− per NTA-headgroup. From
the complexed state, His-tagged proteins are bound specifically to the metal complex
[Schmitt et al., 1994].

EDTA in 10 mM PBS. Both buffers were adjusted to pH = 7.5 and simply injected

into the flow chamber. For the binding of the His-tagged proteins, a concentrated

solution of protein containing buffer (Standard PBS, cprotein = 0.2 mg/ml) at pH = 7

was used. Figure 2.8 shows a sketch of the model membrane system as used in this

thesis. The functional headgroups can be charged and decharged on a molecular level.

In the complexed state, the chelator lipids specifically bind Histidine-tagged proteins.

By adding a strong competitor for the divalent Nickel ions, the chelator complex is

opened again and the surface is reset.



40 2. MATERIALS AND METHODS

2.3 Measurement Setup and Method

2.3.1. Experimental Setup

Measurement Method

An encapsulated chip can be used in a commercial IC socket for the sensor measure-

ments. The IC socket is soldered on a conductor board and every lead is connected to

a BNC connector. Consequently, every single contact on the chip can be contacted

separately. The measurement of the sheet resistance is carried out in 4 point geom-

etry, to be independent of the contact resistance of the metallization. Figure 2.3.1.

(a) shows a sketch of the sensor. A current is applied from source to drain (Isd) and

the voltage drop between two contacts (V ) along the hallbar is measured. A back

gate voltage (Ubg) at the back contact and a voltage applied at the reference electrode

(Uref ) immersed in the electrolyte on top of the native oxide, is used to control the

charge carrier density in the channel and the potential of the electrolyte. The geomet-

ric design of the active hallbar in the middle was planned to yield a sheet resistance

normalized to a quadratic area, if the voltage drop was measured between two adja-

cent contacts. Consequently, all sheet resistance measurements were normalized to

the number of squares, yielding the square resistance. All measurement instruments

were connected and operated with a computer over an IEEE-GPIB interface. The

measurement software is self written with Labview and is described in detail in the

appendix.

In figure 2.3.1.(b), the principle wiring diagram is shown. For the sensor mea-

surements, an additional flow chamber was put on top of the sensor. The back gate

voltage (Ubg) is applied with an Agilent E3647A voltage source, the source-drain volt-

age (Usd) is applied between the source and the drain contact with a Keithley K2400

source-meter, which also measures the source-drain current Isd. The potential of the

reference electrode is controlled with a second Keithley K2400 source-meter and the

voltage drop V between two contacts along the hallbar is measured with a Keith-

ley K2000 voltmeter. In addition, the leakage current over the buried oxide to the

substrate is measured with a second Keithley K2000 multi meter.

The conductivity of the channel is influenced by the two gate voltages (Ubg, Uref )

and the condition of the surface (electrolyte, charged molecules, etc.). For a constant

set of parameters (Ubg, Uref , surface condition), the resistance is determined by mea-

suring a complete current-voltage characteristic of the sensor layer. The source-drain
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Figure 2.9: Scheme of the measurement setup (a). The sheet resistance was measured by apply-
ing a current from source to drain and measuring the voltage drop along the hallbar.
A back-gate voltage applied to the substrate, and a front-gate voltage applied to the
electrolyte solution on top of the native oxide were used to control the charge carrier
concentration in the sensor channel. (b) shows the wiring diagram for the measurement
of the sheet resistance. All measurement instruments were computer controlled. For
sensor measurements, a flow chamber containing the Ag/AgCl reference electrode was
used.

voltage is varied between two limits and the number of intermediate points is chosen

according to the measurements needs. Two characteristics were recorded, the two

point characteristic (Usd vs. Isd) and the four point characteristic (V vs. Isd). The

two and four point resistance is given by the slope of these characteristics. The slope

is calculated with the formula for linear regression for n measurement points Ui(Ii)

R =
n

∑n
i=1 IiUi −

∑n
i=1 Ii

∑n
i=1 Ui

n
∑n

i=1 I2
i − (

∑n
i=1 Ii)

2 (2.2)

Thus, every complete current-voltage characteristic yields one two point resistance

value R2(Usd; Isd) and one four point resistance value R4(V ; Isd).

To get good statistics, many characteristics are measured and the resulting resis-

tance is time averaged. Depending on the desired accuracy, the number of charac-

teristics for one constant set of parameters (Ubg, Uref , surface condition) is chosen.

After that, the set of parameters is changed and the resistance is recorded again for

the new set.
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chip carrier epoxy encapsulant

seal ring
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Figure 2.10: Sketch of the flow chamber for the application of the electrolyte solutions (a). The
sensor was plugged into an IC socket soldered on a conductor board. The metal contacts
were connected to the carriers leads and they were soldered to BNC plugs. Part (b)
shows a picture of the the flow chamber on top of the chip. The reference electrode
and a gold electrode for later electrochemical measurements are directly screwed into
the flow chamber.

Flow Chamber and Conductor Board

For the sensor measurements, an especially designed flow chamber is put on top of

the encapsulated sensor. Figure 2.10 (a) shows a sketch of the flow chamber on top

of the encapsulated sensor. To inject electrolytes into the chamber, it has an outlet

and an inlet connected with a tubing system. If necessary, the tubing was connected

to a syringe or a peristaltic pump to apply constant flow rates. The chamber also

contains the Ag/AgCl reference electrode and a gold electrode. The chamber can be

mounted on top of the sensor already plugged into the IC socket on the conductor

board. Figure 2.10 (b) shows an image of the chamber with the reference electrode,

the conductor board and the BNC plugs for the connection to the measurement

instruments.
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2.3.2. Measurement Software

To control the different measuring instruments, a measurement program was written

with Labview. Figure 2.11 shows a screenshot of the front panel. In this panel, all

relevant parameters can be controlled and the obtained characteristics can be moni-

tored online. The square resistance is calculated by the software, so that resistance

changes can also be observed online. The software writes all relevant data into des-

ignated folders on the computer for later analysis with data processing software. In

the appendix, a detailed manual for the software program is included.

Figure 2.11: Screenshot of the front panel of the measurement software. In the upper left part, the
relevant parameters can be set. In the top part, the file management can be done. In
the lower part, the results are shown in numbers (left) and in graphical form (right).
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2.3.3. Backgate Characterization - Definition of the Working
Point

The dependance of the sheet resistance from the applied back gate potential (Ubg) was

obtained by measuring the sheet resistance as described and changing the applied back

gate voltage. Typically, for each back gate potential, 25 characteristics were averaged.

Figure 2.12 (a) shows a typical measurement of the resistance versus time for varying

back gate voltage at constant front gate potential. To minimize the drift of alkali ions

into the sensor material, only positive back gate voltages were used. For positive back

gate voltages, the resistance decreased for increased Ubg. In the experimental setup,

Ubg = 10 V

Ubg = 20 V
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Figure 2.12: (a) shows a typical curve for the resistance versus time, when the back gate potential
is varied at a constant front gate potential. (b) shows a typical calibration curve, i.e.
the sheet resistance versus time at a constant back gate potential for varying front gate
potential.

the back gate contact consists from conducting glue on the oxide of the wafer backside.

Because of this experimental detail, it is not possible to estimate the potential which

really governs at the interface between the substrate wafer and the buried oxide.

This means that a direct comparison of the experimental data to the simulation is

not possible. This fact will be discussed in more detail in section 3.1.1.

The back gate characterization was used to define the working point. As in the

later sensor experiments the voltage drop between adjacent hallbar contacts should be
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negligible compared to the change in surface potential caused by the surface reaction,

the source drain voltage was kept in the mV range. For mV voltages, the DC current

gets very small in the case of small Ubg and due to the imperfect shielding, the

current voltage characteristics became non linear due to random noise. Therefore, at

the working point, a compromise between this noise and a sensitivity still high enough

to detect binding events at the front interface was made. The sensor measurements

were taken at this constant back gate potential. Typically, for the undoped sensors

the working point was between Ubg = +15V and Ubg = +25V , for the doped sensors

it was at Ubg = 0V .

2.3.4. Frontgate Characterization - Calibration Measure-
ment

In order to relate the square resistance to the potential at the electrolyte/sensor sur-

face interface, the potential of the electrode immersed in an electrolyte buffer was

varied. For the back gate potential chosen as working point, the reference potential

was varied between two limits. The resulting R(Uref ) curves can be used as calibra-

tion in the interpretation of the data. However, as the voltage drop over different

electrolytes and the interfacial resistance of the several liquid/solid junctions are not

exactly known, these calibration curves can be shifted with respect to the voltage

axis. The size of this voltage offset can be obtained as fitting parameter. A sample

curve of the resistance change for a constant back gate voltage if the front gate po-

tential is varied, is shown in figure 2.12 (b). For the maesurements with the native

oxide surface, the calibration was done with electrolyte on top of the native oxide,

for the OTMS covered sensors, the calibration was done with the electrolyte on top

of the ODTMS covered surface.

Even if the absolute value of the surface potential is not known from such a

calibration measurement, changes of the sheet resistance ∆R are related uniquely to

changes in the potential ∆ψ, because the front gate characteristics are almost linear

for the range of the sensor measurements.
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3 Results I - Sensors with Native
Oxide Surface

3.1 Electrical Sensor Characterization

To optimize the sensitivity and to interpret the measured changes of the sheet resis-

tance, it is crucial to achieve a detailed understanding of the sensor performance and

characteristic. In this section, theoretical as well as experimental data of the sensor

performance will be presented and analyzed. It will be shown that the the back gate

voltage can be used to vary the sensitivity of the device. Furthermore, a reference

electrode immersed in an electrolyte solution on top of the native oxide can be used

to calibrate the sensor.

3.1.1. Simulation of the Sensor with nextnano3

The simulation software nextnano3 [Vogl et al., 2004] calculates the band structure

and the charge carrier density of semiconductor materials in one, two and three di-

mensions. Most of the sensor measurements were done with the undoped sensors and

therefore the simulation of these structures will be discussed here. Basic understand-

ing of the performance of the SOI-sensor can already be obtained with the simulation

of a one dimensional structure as shown in figure 3.1 (b). The metal back gate contact

is placed directly on the buried oxide of 200 nm thickness. The sensor layer is 30 nm

thick and boron doped (1016cm−3). The structures are covered with a native oxide of

2 nm thickness and a front gate metal electrode.

The simulated device differs from the original device structure due to the fact, that

the simulation software in the status used here was not able to handle two isolated

conducting materials in parallel as represented by the channel SOI and the substrate

wafer. Therefore, the substrate wafer (thickness ≈ 650 µm) was left out. Moreover,

the calculation setup and the real device differ in several points.

• The back gate contact in the experimental setup consists of a silver conductive

47
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SiO2metal metalsilicon SiO2

SiO2metal electrolytesilicon SiO2silicon SiO2 electrode(a)

(b)

Figure 3.1: Comparison of the real device (a) and the layer structure used to simulate the sensor
device in the calculations (b). The simulation layer structure reads from top to bottom:
gold electrode (5nm), native oxide (2 nm), silicon sensing layer (30 nm or 80 nm),
buried oxide (200 nm), back electrode (5 nm).

lacquer on the rough back surface of the wafer, which is also covered by native

oxide.

• The front gate is not applied with a metal electrode but with an electrode

immersed in an electrolyte solution on top of the surface.

• An applied back gate voltage also falls off over the substrate wafer, not included

in the simulation setup.

Consequently, the simulation data can only give a qualitative understanding of

the sensor and all simulation data can be shifted with respect to the voltage axis.

The direct comparison between experiment and simulation is not possible with this

simulation, but qualitative trends can be deducted from the simulations and will also

be verified experimentally in the next sections.

The simulation of the device yields the charge carrier concentration in the channel

and from that, the sheet resistance can be calculated. In the experiments, only

positive back gate voltages were used to minimize the diffusion of alkali ions from

the electrolyte into the sensor material. Consequently, the simulation was only done

for positive back gate voltages and as an example two different positive back gate

voltages (+10 V and +20 V ) will be compared to yield a qualitative understanding

of the sensor performance.



3.1. ELECTRICAL SENSOR CHARACTERIZATION 49

Ubg = + 20 V

 ρ
e
l 
, 
ρ h

l 
 [
1

0
1
8
 c

m
-3

 ]

thickness [nm]thickness [nm]

ρel at Ufg =
+1 V

 -1 V
  0 V

Ubg = + 10 V

 ρ
e
l 
, 
ρ h

l 
 [
1

0
1
8
 c

m
-3

 ]

ρhl at Ufg =
+1 V

 -1 V
  0 V

ρel at Ufg =
+1 V

 -1 V
  0 V

ρhl at Ufg =
+1 V

 -1 V
  0 V

Figure 3.2: Charge density in the 30 nm thick silicon sensing layer for a back gate voltage of +10V
(left) and +20V (right). Three different front gate voltages are shown (+1V, 0V, -1V ).

In figure 3.2, the simulated electron and hole densities in the 30nm thick conducting

layer are shown for back gate voltages of Ubg = +20V and Ubg = +10V . For both

back gate voltages, three different applied front gate voltages (+1V, 0V, -1V ) are

distinguished.

For Ubg = +20V , the electron density (black) at the back interface is at least

13 orders of magnitude higher than the density of holes (red) and hence the back

interface is in inversion for all applied front gate voltages. Contrary, at the front

interface either electrons or holes are the dominant charge carriers, depending on the

applied front gate potential. For +1 V front gate voltage, the electron density is

higher than the hole density, but for front gate voltages of 0 V and -1 V, holes are

the dominant charge carriers. In other words, a back gate voltage of +20 V results

in a high charge carrier density at the back interface and in a small screening length.

This in turn means that a change of the front gate voltage mainly influences the

charge carrier distribution at the front interface and hence the effect of such a change

on the overall resistance of the conducing channel is relatively small.

In comparison, on the left side of figure 3.2, the simulated electron and hole

densities in the 30 nm thick conducting layer are shown at a back gate voltage of

Ubg = +10V . In this case, the whole layer is now influenced by variations of the front
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Figure 3.3: Integrated charge carrier density for a back gate voltage of +10V (left) and +20V (right).

gate voltage. For +1 V, the electron density is higher than the hole density over the

complete layer and hence the complete layer is in inversion. For Ufg = 0V , the back

interface is in inversion, but at the front interface the hole concentration is higher

than the concentration of electrons. For -1 V applied front gate potential, the hole

density is higher over the complete layer and hence the complete layer is in the state of

accumulation. In other words, a smaller back gate voltage of only Ubg = +10V results

in a smaller charge carrier concentration at the back interface and consequently in a

longer screening length. Therefore, variations at the front interface have an influence

over the complete layer and hence should have a stronger effect on the overall channel

resistance. Extrapolating this result, the sensor should have a higher sensitivity for a

lower applied back gate voltage. This trend will be verified by the experimental data

in section 3.1.3.

In order to get the sheet resistance, the charge carrier densities have to be inte-

grated

ρe,h(Ufg) =

∫ x=235 nm

x=205 nm

ρe,h(x)dx . (3.1)

Figure 3.3 shows the results for the two already discussed back gate voltages of
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Ubg = +10V and Ubg = +20V . The results are shown for front gate voltages between

Ufg = −1 V nd Ufg = +1.5 V . In both cases, the crossover point, i.e. the point when

the density of electrons gets bigger than the density of holes and hence the dominating

charge carrier species changes, is interesting. For Ubg = +20V , this point lies at a

front gate potential of Ufg = −0.3 V . For Ubg = 10 V , the cross over point occurs at

roughly zero front gate potentials. As the simulated device and the real sensor differ

in the above mentioned points, potentials applied at the reference electrode Uref are

not identical to the potentials applied at the front metal contact Ufg. Therefore,

the information about the main charge carriers involved in the sensor measurements

has to be obtained indirectly by first calculating the square resistance after equation

1.20. The calculated square resistance against applied front gate potential is shown

in figure 3.4.

For Ubg = +10V , the resistance increases with increasing front gate potential up

to a value of 6 · 107 Ω/square at approx. zero front gate, due to the depletion of holes

in the sensor layer. For higher front gate potentials, the layer starts to be inverted and

more and more electrons contribute to the current transport, resulting in a decrease

of the resistance.

For Ubg = +20V , the maximum occurs at 15 · 103 Ω/square and approx. −0.3 V

front gate potential.

In the experiments, for the positive back gate voltages used, the R(Uref ) char-

acteristics of the undoped sensors always have a negative slope (see chapter 3.1.4.).

Therefore, one can conclude that the sensor is operated on the right side of the max-

imum of the curves in figure 3.4 for both back gate voltages. Comparing the position

of the maximum in these curves with the crossover point in the integrated charge

carrier densities (Figure 3.3) shows that electrons are the main charge carriers in

the experimental measurements and therefore all sensor measurements are done with

electrons as the main charge carriers.

This information becomes important for the production of sensors with doped

contact regions in a further development of the sensor. As electrons are the main

charge carriers, a n-doping of the contact regions is necessary to obtain a device being

conductive for positive Ubg. From figure 3.4 it is also evident, that the sensitivity,

i.e. the slope of the R(Ufg) curve is higher for lower Ubg. Summarizing, from the

simulation data several points can be concluded.

• The sensor measurements are done with the thin layer in inversion, i.e. electrons
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Figure 3.4: Simulated square resistance vs. front gate potential for Ubg = +10V and Ubg = +20V .
An increase in the back gate voltage decreases the overall resistance and also decreases
the sensitivity towards surface events, i.e. the slope of the R(Ufg) curves is lower.

contribute the main part to the electrical conductivity.

• For positive back gate potentials, the overall resistance decreases with increasing

back gate voltage.

• For positive back gate voltages, the sensitivity of the thin layer towards surface

events increases for decreasing back gate voltages.

However, in the real measurements, the higher sensitivity is accompanied by an

increase in resistance and by increased noise due to random fluctuations of the DC

current. Therefore, an intermediate back gate voltage has to be chosen as working

point for optimal sensor performance. This issue will be discussed further in section

3.1.3.
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Figure 3.5: Measured 2 and 4 point resistance for back gate voltages between + 16 V and + 30 V.
As expected for an ohmic contact, all data points lie on one line, showing that the metal
contacts exhibit ohmic behavior.

3.1.2. Electrical Contacts

The electrical contacts to the thin sensor film were investigated in detail during this

thesis and the results are described in detail in reference [Rauschenbach, 2002]. Sum-

marizing, three different material systems were tested. First, a sandwich of 20nm Al

and 200 nm Au did not result in contacts with satisfying low contact resistances. It

was shown by Rutherford back scattering (RBS) and secondary ion mass spectroscopy

(SIMS) [Rauschenbach, 2002] that the gold diffuses through the aluminum layer into

the sensor layer, destroying its sensing properties.

Second, pure Al contacts with 50 nm thickness were tested. These contacts had

satisfying low contact resistances, but were mechanically not stable. Moreover, they

did not withstand the chemistry necessary to further functionalize the sensor surface.

Hence, a third system, consisting from 200nm Au on top of 20nm Ti was used.

These contacts were characterized electrically by measuring the two point (R2pt) and

the four point resistance (R4pt) as shown in figure 3.5 (a). In this setup,

R2pt(Ubg) = 2Rc + g · R4pt(Ubg) , (3.2)

where Rc is the contact resistance and g is a geometric factor depending on the

structure of the sensor device only. If the contacts are ohmic, Rc does not depend

on the applied back gate potential and therefore all data point will lie on a line. In
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figure 3.5 (b) the measured resistance values are shown for back gate voltages between

Ubg = +16V and Ubg = +30V . Obviously, the contacts are almost perfectly ohmic for

Ubg > +18 V and from the data the contact resistance can be obtained to be < 10kΩ

and the geometric factor g ≈ 9 if the four point resistance is measured between two

adjacent hallbar contacts.
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Figure 3.6: (a) Measured square resistance for varying back gate potential. The resistance of the
thin sensing layer depends strongly on the applied back gate voltage. The measurement
was done with the front surface of the sensor exposed to air at room temperature.
Measured change in resistance if the pH of the solution was changed from pH 2 to pH 7
(b). The inset shows the measured resistance.

3.1.3. Backgate Characterization - Tunable Sensitivity

One main result of the simulation data in section 3.1.1. was that the sensitivity is

dependant from the applied back gate voltage. In this section, the experimental data

supporting this result will be presented.

In figure 3.6 (a), the dependence of the thin film resistance on the applied back gate

voltage (Ubg) is presented. The measurements were carried out while the surface was

exposed to air at room temperature. A variation of the back gate voltage drastically

changes the resistance of the thin film resistor. The two separated regimes can be

attributed to the an accumulation of holes in the layer (negative back gate potential)

and to an inversion of the layer (positive back gate potential). (see also simulation

results in section 3.1.1.).

In the intermediate regime, for |Ubg| < 10V , for a source drain voltage of 50mV ,

random fluctuations of the DC current below 1nA were disturbing the measurement

and the obtained current voltage characteristics were not linear.
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The tunability of the sensitivity, as predicted from the simulation data can be

measured by switching the surface condition between two states for different back

gate voltages and comparing the measured resistance change. Figure 3.6 (b) shows

the change in the resistance of the thin silicon layer, when the pH of the electrolyte

is changed from pH = 2 to pH = 7 for back gate voltages between Ubg = +16V and

Ubg = +30V . As expected from the simulation data results, the signal is higher for

lower back gate voltages.

This shows impressively the tunable sensitivity of the sensor by the back gate

voltage. This back gate voltage dependance is used to define a working point for

the later sensor measurements. In principle, a back gate voltage which generates the

fewest charge carriers at the back interface of the sensor layer produces the highest

signal. However, due to the fact that the noise level is getting more and more impor-

tant for higher resistance values, a compromise between the highest signal and a low

noise level was made to give the best signal to noise ratio. The working point was

determined separately for every single sensor before the actual sensor measurements.

3.1.4. Frontgate Characterization - Sensor Calibration

The surface potential at the electrolyte/semiconductor interface ψs controls the con-

ductivity of the thin sensor layer. It is comparable to the gate potential of metal gate

in a MOSFET device. In our setup, not the change of the surface potential ψs is

measured but rather the change of the square resistance of the thin silicon layer. To

relate these two parameters for a theoretical interpretation of the data, a calibration

measurement is performed for every sensor at the back gate voltage chosen as working

point. For the calibration measurement, the substrate is exposed to an electrolyte

solution and the potential of a Ag/AgCl reference electrode (Uref ) immersed in the

electrolyte is varied. The resulting R(Uref ) curve can be used for calibration in the

interpretation of the later sensor measurements. Figure 3.7 (a) shows a typical cali-

bration measurement of a native oxide covered sensor with a 30nm thick silicon layer

with a doping concentration of 1016cm−3) and a buried oxide thickness of 100nm. The

applied back gate voltage was Ubg = +16V . For this back gate voltage of Ubg = +16V

, the slope was negative and almost constant −50kΩ/V for the range of applied front

gate voltages.

As already predicted by the simulation data, the shape of the calibration curve
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Figure 3.7: Measured change in resistance for a step like change of the applied voltage at the reference
electrode for undoped sensor layer. The data was taken with a undoped sensor at a back
gate voltage of Ubg = +16V . For these sensors, measurements were always performed in
the linear regime of the R(Uref ) curves (a). (b) shows the change in resistance at back
gate voltages of Ubg = +25V , +30V , +35V and +40V for ODTMS covered sensors. The
resistance of the layer decreased with increasing back gate voltage and at the same time,
the sensitivity towards front gate variations (i.e. the slope of the curves) decreased.

changes drastically when the back gate voltage or the doping concentration is var-

ied. Figure 3.7 (b) shows the calibration curves for back gate voltages of Ubg =

+25V , +30V , +35V and + 40V for an ODTMS funtionalized sensor.

Comparing the predictions of the simulations in figure 3.4 with the experimental

results in figure 3.7 (b) shows the qualitative agreement between theory and simu-

lation. A higher back gate voltage decreases the overall resistance and at the same

time the sensitivity, i.e. the slope of the R(Uref ) curves is decreased.

The slope of the calibration curves of the doped sensors (i.e. additionally over-

grown by MBE, c = 1018cm−3) had the opposite sign, resulting in a higher resistance

for higher Uref , as shown in figure 3.8.

Even though from the calibration measurements the absolute value of the surface

potential can not be determined, because the relation between Uref and ψs is not

known, changes in the sheet resistance ∆R can directly be related to changes in
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Figure 3.8: Measured change in resistance for a doped (c = 1018cm−3) sensor layer. The data was
taken at a back gate voltage of Ubg = 0V . (a) shows the resistance for step like reference
potential changes between Uref = −300mV and Uref = +300mV . (b) shows the time
averaged data against applied potential.

surface potential ∆ψs, because the relation is almost linear for the range of the sensor

measurements.
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3.2 Measurements in Electrolyte Solutions

After the functionality of the sensor device has been tested in the measurement of

the characteristics, i.e. the dependance of the resistance from the two gate electrodes,

first sensor measurements in electrolyte solutions can be performed. As discussed in

chapter 1.1, the surface potential of a charged surface immersed in an electrolyte is

controlled by the surface charge density σ and the ionic strength of the solution. For

SiO2, the surface charge density is mainly controlled by the solution pH, so that the

two parameters can be varied separately.

3.2.1. Variations of the Salt Concentration

For a constant pH value, the surface charge density of a SiO2 surface in electrolyte

solutions remains almost constant and the variation of the surface charge due to

the specific adsorption of ions at the surface sites can be neglected. Therefore, the

response of the sensor device towards variations of the salt concentration in an elec-

trolyte of constant pH can directly be compared to the theoretical predictions of the

Grahame equation (equation 1.5).

Figure 3.9 (a) shows the measured square resistance when the concentration of

KCl is varied from 1 M to 10 µM . The pH of the solution was kept constant at a

value of 6.4 with 10 mM Phosphate buffer.

The sensor used in this study was p-doped with a boron concentration of 1018cm−3,

so that a higher resistance corresponds to a higher surface potential (See discussion

in section 3.1.4.). Consequently, in agreement with the prediction of equation 1.5, for

1 M monovalent salt solution, the surface potential is higher than for lower concen-

trations. With the help of the calibration measurement, the resistance changes can

be related to relative changes of the surface potential.

Figure 3.9 (b) shows the time averaged resistance values from the measure-

ment in figure 3.9 (a) along with the theoretical prediction of the Grahame equa-

tion (equation 1.5). For the theoretical calculation, a concentration of divalent

buffer ions of 3.2 mM or a dissociation of 20 % and a surface charge density

of 0.036 C/m2. Both values are in good agreement with the literature values

for a pH value of 6.4, as used in this experiment [P. Atkins, J. de Paula, 2002,

Sonnefeld, J. and Löbbus, M. and Vogelsberger, W., 2001].
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Figure 3.9: Measured square resistance on a doped sensor for a variation of the KCl concentration
at pH = 6.4. The total concentration of buffer salts was 10 mM (a). (b) shows the time
averaged resistance against the concentration of monovalent salt. The broken line shows
the prediction of the Grahame equation for a concentration of divalent buffer ions of 3.2
mM or a dissociation of 20 % and a surface charge density of 0.036C/m2.

3.2.2. Variations of the Surface Charge Density

Detection of pH

As discussed in chapter 1, a variation of the pH value results in a change of the

surface charge density σ at the SiO2/electrolyte interface. If at the same time, the

salt concentration is constant, the measured resistance change can be compared to the

theoretical predictions of the site binding theory for SiO2 surfaces (equation 1.16).

Figure 3.10 (a) shows the measured resistance for a pH variation between 4.9

and 9 with an undoped sensor at a backgate voltage of Ubg = +16V . In addition

to 10 mM phosphate buffer, the electrolyte contained 90 mM KCl, to keep the salt

concentration almost constant. A change in pH is detected instantaneously with

high sensitivity. A linear fit to the response shows that each step in pH results in

an instantaneous change of the square resistance of about 2.6 kΩ. The calibration

measurement for this device at Ubg = +16V shows a relation of the square resistance

to the surface potential of −50kΩ/V . Therefore, a pH step of one unit corresponds
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Figure 3.10: (a) Measured resistance change of a undoped sensor device for a backgate voltage of
Ubg = +16V . The electrolyte contained 90 mM KCl to keep the salt concentration
constant. In (b), the comparison of the measured data with the theoretical predictions
by the site-binding model is shown. The measured response (black dots) agrees very
well with the theoretical predictions from the site-binding theory (broken line).

to a variation of the surface potential of ∆ψ/pH = −52mV/pH.

Although some papers report similar close Nernstian responses

[Siu and Cobbold, 1979], this value is higher than pH responses of SiO2 sur-

faces reported in many publications of 30-40 mV/pH [Bousse et al., 1983]. These

different responses are attributed to different oxide qualities and different densities

of Si-OH surface groups on the different SiO2 surfaces. The pH response of SiO2

surfaces is caused by the protonation and deprotonation of the Si-OH surface groups

present at the electrolyte/native oxide interface and can be calculated in the site

binding model as discussed in chapter 1.1.

In figure 3.10 (b), the time averaged data from figure 3.10 (a) is shown together

with the theoretical predictions of equation 1.16. The parameters used for the theo-

retical calculation are pHpzc = 2.2 and β = 0.15, in good agreement with literature

values [Bergveld and Sibbald, 1988].

The observed noise in the signal of the devices is typically 50 − 100 Ω in sheet

resistance or 1−2mV in potential. Assuming this value as detection limit and taking
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the response of 2.6 kΩ per pH step, a detection of pH variations of 0.02 - 0.04 units

is possible with the device.

Adsorption of poly-l-lysine

To get an estimate of the sensitivity, the adsorption of charged polyelectrolytes pro-

vides an easy experimental system. As the SiO2 surface is charged negatively at

physiological pH, a positive molecule strongly adsorbs on the surface. Because of

that, the adsorption of poly-l-lysine is often used for passivation and functionaliza-

tion of SiO2 surfaces.
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Figure 3.11: Change of square resistance for different poly-l-lysine concentrations in 490mM KCl
solution buffered with 10mM phosphate buffer. For 0.1nM no change was recorded,
whereas for 1 nM , a clear decrease of the resistance was obtained. A linear drift of the
device was subtracted, which could be caused by the diffusion of ions into the oxide
layers.

Figure 3.11 shows the change of the resistance after exposure to electrolytes con-

taining different poly-l-lysine concentrations. The measurements were done at pH=6.4

and in the presence of 490 mM KCl buffered with 10 mM phosphate buffer on an

undoped sensor device at a back gate voltage of Ubg = +16V . The molecular weight

of the poly-l-lysine was 70.000 g/mol, corresponding to approx. 600 lysine monomers

per molecule. Injection of a solution of 0.1 nM poly-l-lysine into the fluidic chamber

was not detectable, whereas a solution of 1 nM poly-l-lysine (80 ng/ml) resulted in a

clear change of the conductance. Additional injection of buffer solution did not alter

the measured conductivity, indicating the stability of the adsorbed poly-l-lysine layer.

The calibration measurement can be used to relate the observed jump in resistance
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Figure 3.12: Typical resistance changes for the adsorption of PAH/PSS multilayers on a p-doped
sensor device (born concentration c = 1018cm−3)(a). Times with PSS as last layer
are shaded red, whereas green stands for PAH. After the last layer, the measurement
chamber is rinsed with PBS buffer. The obtained response can be explained with the
help of a simple model as depicted in (b).

of ∆R = 100 Ω to a change of the surface potential of ∆ψ = 2.2 mV . Using the

Grahame equation, this computes to a charge density of around 0.025 e−/nm2, ne-

glecting screening effects in the electrolyte solution and assuming that the charge sits

directly at the native oxide surface. The typical signal to noise ratio would already

allow the detection of resistance changes of 50 Ω/square or 0.01 e−/nm2. Using a

rough estimate of an average diameter of 3-5 nm for a typical biomolecule such as a

protein, this would mean that the SOI-sensor device would be able to detect between

0.3 and 0.8 net charges per molecule in physiological solutions.

Adsorption of Polyelectrolyte Multilayers

Apart from the development of a sensor device for protein detection, a lot of other

interesting questions might be answered by the application of a two dimensional

electron system as sensor device. Among these, getting a better understanding of

the mechanisms involved in the adsorption of polyelectrolyte multi layers is highly

discussed question [Schoenhoff, 2003, Lavalle et al., 2004].

On the sensors with native oxide, multi layers composed of PAH and PSS were

deposited by exchanging the buffers several times (see section 2.2.1.) and measuring
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the change in sheet resistance. Figure 3.12 (a) shows a typical response of an p-doped

sensor at a back gate voltage of Ubg = 0 V when the polyelectrolytes are adsorbed.

Different colors indicate an exchange of buffer. Green represents PAH, red stands for

PSS. At the pH of our experiments of 7.5, PAH has a positive net charge, PSS is

negative. Together with the information from the calibration measurement, which had

a positive slope (higher potential at the front interface results in higher resistance),

the sign of the responses has the correct direction. For positive PAH, the resistance

increases, for negative PSS it decreases. After the measurement the chamber was

intensively rinsed with buffer and the obtained offset showed that the polyelectrolyte

multilayers were still present after the rinsing step.

To understand the signal a model of the polyelectrolyte layers can be developed

and compared to the measurement. In figure 3.12 (b), a sketch of the model is

showed. Every deposition of an additional layer can be modelled by a plate capacitor

with an increased plate distance of dml and a change of the surface charge of ∆σ.

The layer itself is modelled as ideal dielectric, meaning that in this model, ions inside

the electrolyte layers are immobile, a question which is highly discussed in literature

[Schoenhoff, 2003].
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Figure 3.13: Comparison of the measured resistance changes when PAH/PSS multilayers are de-
posited on the sensor surface (black) with the expected values from the theoretical
model (red).

For the potential change at the surface of the semiconductor ∆ψ, one obtains in

this model

∆ψn =
∆σ

ε0εr

1

n · d , (3.3)

where n is the number of the monolayers deposited and d is the thickness of one
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additional polyelectrolyte monolayer, taken to be 1.5 nm [Decher, 1997].

Figure 3.13 shows the measured jumps in surface potential of another experiment

done with an undoped sensor together with the prediction of the theory after equation

3.3. For the number of layers deposited, one gets reasonable agreement between

measurement and model. However, in order to answer the question, whether or not

the ions inside polyelectrolyte multilayers are immobile, additional experiments will

be performed to verify that the signal really falls of as 1/d.

Nevertheless, the adsorption experiments show that even after the deposition of 10

monolayer, corresponding to approx. 18nm, the sensor is able to detect the charging

of the outer layer. Similar experiments with poly-l-lysin and DNA can be used in

future experiments for the immobilization of primary DNA and the detection of the

hybridisation of the complementary strand.
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3.3 Summary and Discussion

With the bare surface device a quantitative understanding of the semiconductor device

was obtained and qualitative agreement with the simulated data could be achieved.

The performance of the sensor devices if exposed to electrolyte solutions was mea-

sured and the results for pH variations and variations of the salt concentration were

measured. The experimental data agreed very well with the theoretical predictions

for a surface charge density of 0.036 C/m2 and a dissociation degree of the buffer ions

of 20%. The sensitivity of the sensor device towards pH changes was determined to be

0.02 − 0.04 pH -steps. From the adsorption experiments with poly-l-lysine, the sensi-

tivity of the device towards surface charge changes was estimated to be 0.01 e−/nm2,

making the further attempts to detect biological molecules reasonable. Experiments

with the adsorption of polyelectrolyte multilayers composed from PAH/PSS showed

that the charge reversal of the outer layer can be detected up to a thickness of ap-

prox. 18nm. The experiments so far hint towards the fact that the ions inside the

polyelectrolyte layers are immobilized.

However, in all measurements the signal drifted over long times. This might be

caused by the instability of the native oxide surface or the diffusion of ions into the

sensor material. Both effects can be reduced, if the surface is passivated with an

additional layer covering the native oxide. In the next section, experimental results

of the surface passivation with organic PMMA and ODTMS layers will be presented.
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Funtionalization

As described in chapter 2, SOI is covered by a thin layer of SiO2, the native ox-

ide. This native oxide is not electrochemically stable over long times for extreme

pH conditions and surface groups being sensitive to changes of pH are dissociated

(see chapter 3). A lot of different anorganic materials have therefore been used to

passivate the surface of silicon based ISFET devices [Bergveld and Sibbald, 1988],

for example thermally grown silicon oxides or silicon nitride films. Even though these

layers improve the stability and performance of the native oxide, for a biological ap-

plication organic passivation layers are preferable. They combine the requirements

of a surface passivation and biocompatibility. In principle, a passivation layer can be

adsorbed to the surface or covalently bound to it. During this thesis, various materi-

als and methods have been tested, because many standard technologies and methods

known from the functionalization of pure glass slides resulted in the destruction of

the composite material system represented by the final encapsulated sensor devices.

Two methods, the adsorption of a thin film of Poly-Methyl-MethAcrylate

(PMMA) by spin coating and the covalent binding of OctadecylTriMethoxySilane

(ODTMS) resulted in satisfying passivation and hydrophobization of the sensor sur-

face and the results will be discussed in this chapter.

4.1 Hydrophobization with PMMA

For the deposition of a thin PMMA layer, a sensor chip was cleaned after the met-

allization step according to the procedure described in chapter 2.2.2. A thin layer of

PMMA was deposited by a spin coating technique on the cleaned wafer (see section

2.2.2.) and the resulting thickness of the PMMA layer was measured by ellipsome-

try. For the measurement of the ellipsometric thickness of the PMMA layer, silicon

substrates with chemically identical surface were treated in parallel with the sensor

67
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Figure 4.1: Crossection of a water droplet on a sensor device before (a) and after (b) the deposition
of the PMMA layer. The contact angle changed from < 10o on the hydrophilic SiO2 to
≈ 60o on the PMMA covered surface.

devices. The measurement of the ellipsometric thickness on the multilayer SOI sub-

strates was not possible due to multiple reflections at the various interfaces. As the

thickness of the resulting PMMA layer is determined by the surface conditions, the

concentration of PMMA in solution and the spinning rate and not by the underlying

layer structure of the substrate, the measured thickness on the sample silicon wafers

will be the same than the thickness on the sensor devices. A PMMA/toluene solution

with 1 mg/ml spun at an average speed of 1000 rpm for 60 s resulted in a layer with

a thickness of (20 ± 3) nm, indicating a thick mutlilayer.

In addition to the thickness, the contact angle of a water drop on the PMMA cov-

ered surface was measured. The contact angle changed from < 10o on the hydrophilic

and freshly cleaned SiO2 surfaces to > 65o on the PMMA covered surface. Figure

4.1 shows the digitized images of water droplets on the surface before (a) and after

(b) the PMMA deposition. The increase in contact angle can be explained by the

hydrophobic character of the PMMA in comparison with the completely hydrophilic

SiO2 surface.

In addition to the measured thickness and the change in contact angle, a direct

test of the PMMA passivation can be performed on the sensor surface. If the surface
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Figure 4.2: Measured response of a device to a pH step from pH = 7 to pH = 2 of the electrolyte
before and after the deposition of a PMMA passivation layer. In (a), the response is
shown for an applied back gate voltage of Ubg = +21V . (b) shows the relative change
in sheet resistance for various back gate voltages.

is covered with a thick passivation layer, being impermeable to H+ ions, the response

towards pH changes will disappear as the surface hydroxyl groups are no longer

accessible to the electrolyte. Figure 4.2 shows the measured response (change in

resistance) for a sensor device with PMMA coating (black triangles) and without

coating (red dots). On the left the time resolved response for both surfaces is shown

at an applied back gate voltage of Ubg = +21V . For the bare SiO2 surface, the

resistance drops instantaneously when the pH is changed from pH = 7 to pH = 2 in

agreement with the measurements in chapter 3.2.2. Obviously, for the PMMA covered

surface, the response is greatly reduced. The seemingly higher noise level is due to

the fact, that the sensor was connected a second time after the PMMA deposition

step and that the electrical contacts were worse. In part (b) of figure 4.2, the relative

change in resistance upon the pH change from pH = 7 to pH = 2 is shown for

applied back gate voltages between Ubg = +21V and Ubg = +30V . The relative

change in resistance decreases from ≈ 0.09 to ≈ 0.03 for the bare surface device and

almost stays constant at ≈ 0.01− 0.02 for the PMMA coated device. For the PMMA
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covered surface, the response is greatly reduced.

In addition, the response for the native oxide covered device decreases for in-

creasing back gate voltage, in good agreement with the sensitivity considerations in

chapter 3.

4.2 Hydrophobization with ODTMS

Although the deposition of PMMA by the spin coating technique worked nicely, it

had two major drawbacks with respect to the later deposition of a lipid monolayer

as functional coating. First, the layer of hydrophobic material was only adsorbed to

the hydrophilic SiO2 surface. If water got between the PMMA layer and the SiO2

surface (for example, when the layer was damaged at some point during the later

binding of encapsulation process), the complete layer was lifted off and the surface

was hydrophilic again. The second drawback was the only partial apolarity of the

PMMA, which results in a smaller degree of hydrophobicity of the surface.

Both of these drawbacks could be overcome by the covalent binding of a silane

molecule to the SiO2 surface. OctadecylTriMethoxySilane (ODTMS) turned out to

be the best working material for the surface hydrophobization. All sensors for the

later deposition of a functional lipid monolayer were functionalized with ODTMS

after the procedure described in section 2.2.2. Again, the layer quality and presence

was verified with ellipsometry and contact angle measurements. Figure 4.3 shows

the digitized images of water droplets on the surface before and after the binding of

ODTMS. The contact angle changed from < 10o on the hydrophilic SiO2 surface to

≈ 90o on the ODTMS functionalized surface. This increase in contact angle can be

explained by the hydrophobic character of the ODTMS alkyl chains in comparison

with the completely hydrophilic SiO2 surface.

The thickness of the ODTMS layers was determined to be (2.0±0.3) nm, indicating

a monolayer. For the measurement of the ellipsometric thickness of the ODTMS layer,

silicon substrates with chemically identical surfaces were treated in parallel with the

sensor devices. The measurement of the ellipsometric thickness on the multilayer SOI

substrates was not possible due to multiple reflections at the various interfaces. As

the thickness of the resulting ODTMS layer is determined by the surface conditions

and the reaction parameters during the deposition and not by the underlying layer

structure of the substrate, the measured thickness on the sample silicon wafers will
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(a) (b)

ΘΘ

Figure 4.3: Crossection of a water droplet on a sensor device before (a) and after (a) the deposition
of the ODTMS layer.

be the same than the thickness on the sensor devices.

All experiments to see a reduced pH response on the ODTMS covered devices did

not work. Rather, the response of the device towards changes of the electrolyte pH

remained almost unchanged before and after the ODTMS deposition. This can be

explained by he fact, that the monolayer of ODTMS layer is not perfectly impermeable

to H+ ions and that only part of the Si-OH surface groups are occupied by silane

molecules. Consequently, a change of pH in the electrolyte solution on top of the

ODTMS still influences remaining surfaces groups and leads to a change of the sheet

resistance.
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4.3 Summary and Discussion

The experiments to functionalize the surface with an adsorbed layer of PMMA showed

that the surface is rendered hydrophobic after the adsorption and that the pH re-

sponse of the sensors is drastically reduced. However, the stability of these layers was

not sufficient and the layers were lost, once water got between the PMMA and the

sensor surface.

A covalent binding of ODTMS to the sensor surface worked fine, the contact

angle changed from from < 10o on the hydrophilic SiO2 surface to ≈ 90o on the

ODTMS functionalized surface. The ellipsometric thickness of the ODTMS layers

was determined to be (2.0 ± 0.3) nm, indicating a monolayer. However, the sensor

devices did not show a reduced pH response, probably due to the fact that hydrogen

ions can still penetrate the thin ODTMS layer. Nevertheless, because of the high

degree of hydrophobicity and the high stability of the covalent bond, this passivation

technique can be used for the immobilization of lipid monolayers in the experiments

described in the next section.
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Figure 5.1: Sketch of the lipid membrane used to measure the charging and decharging of the NTA
headgroups with the semiconductor sensor. Upon injection of EDTA containing buffer,
the nickel ions were solved out of the NTA headgroups. To account for the different
composition of the buffers, both buffers were equilibrated on lipid systems with no NTA
headgroups.

The interaction of proteins with the lipid membrane is one of the most important

regulation mechanisms in cell biology and its understanding is therefore crucial for

many biological processes. This interaction can be mimicked by the interaction of

proteins with solid supported lipid membranes. These membranes are a very flexible

and robust system to measure specific reactions on surfaces. In this thesis, a lipid

layer consisting of DMPC, cholesterol and DOGS-NTA was chosen as model system

(see section 2.2.3.). The surface of the sensor device was functionalized with a lipid

bilayer for the hydrophilic SiO2 surface and a lipid monolayer for the hydrophobic,

ODTMS covered surfaces.

In both cases, mono- and bilayer systems, the outer leaflet of the lipid layer facing

the solution is the same. Figure 5.1 shows a schematic of a monolayer composed of

DMPC and DOGS lipids with functional NTA headgroups. These can be charged
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with divalent nickel ions and decharged by adding a competitor like EDTA to the

solution, resulting in a net change in charge during this reaction of 1 e− per DOGS-

NTA headgroup [Schmitt et al., 1994, Sackmann, 1996]. As this process is reversible,

a switch of the semiconductor conductivity upon buffer exchange can serve as a proof

of the presence of functional NTA binding sites. In order to account for the different

bulk properties of the buffer systems, the nickel containing buffer was equilibrated to

the EDTA buffer by adding KCl on a lipid membrane covered sensor containing no

NTA headgroups (see section 5.1).
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5.1 Lipid Bilayer on Bare SiO2

Supported lipid bilayers mimic the native cell membrane with the incorporated trans-

mebrane proteins. Therefore, in a first approach a functional lipid bilayer was de-

posited on top of the native oxide by vesicle fusion as described in chapter 2.2.3.

(a) (b)

DMPC bilayer for buffer equilibration
(cholesterol not shown)

intermediate 
water layer

DMPC

time [a.u.]

Ω

SOI sensor +KCl
+KCl

+KCl
+KCl

Figure 5.2: Sketch of a bilayer on top of the hydrophilic substrate used for the equilibration of
the buffers, containing no functional DOGS-NTA lipids (a). The cholesterol molecules
used to keep the bilayers in the fluid phase are not shown. For the equilibration, KCl
was added to the nickel buffer until the difference between the two buffer systems was
minimized (b).

Before the specific binding of Ni to the NTA headgroups can be detected, the two

buffers were adjusted to yield the same resistance value on a lipid bilayer composed of

65% DMPC and 35% cholesterol as shown in figure 5.2 (a). As this system is identical

to the charge sensor membrane except for the functional DOGS-NTA lipids, all bulk

and other buffer effects are taken into account by this reference method. After each

buffer exchange, 1ml of a 1M KCl solution was added to the NiCl2 buffer, until

the resistance change upon buffer exchange disappeared in the noise level of the

measurement, as shown in figure 5.2 (b).

Once this equilibration was done, the chamber was rinsed extensively with ethanol

to remove the DMPC bilayer and a bilayer containing DOGS-NTA lipids was de-

posited on the surface by vesicle fusion as described in section 2.2.3. Figure 5.3 (b)
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(a) (b)
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Figure 5.3: Sketch of the lipid bilayer used for the charging and decharging experiments (a). Com-
plete measurement of the time dependant sheet resistance for the formation of a lipid
bilayer and a charging and decharging experiment (b). For the charging experiments,
20% functional lipids were incorporated.

shows the complete measurement for a DOGS-NTA concentration of 20%. As de-

picted in the figure, the resistance drops upon injection of the vesicle solution. The

bump in the signal is attributed to the formation of the bilayer and the adsorption of

vesicles to it. After the signal stabilized, the chamber was flushed with standard buffer

several times and the remaining nickel ions were removed by EDTA buffer. After that,

the reversible charging and decharging of the NTA headgroups was measured.

The resistance changes were converted to changes in the potential by calibration

measurements, which were done prior to the experiments. For the resistance values

of interest (in this case between 50 and 60 kΩ /square), a relation between resistance

and potential of −46 kΩ/Volt was obtained. Consequently, all measurements can

be analyzed in terms of potential changes as shown in figure 5.4. In part (a), the

obtained change in potential is shown versus time, whereas part (b) shows the time

averaged signals. The red curve corresponds to the 2 point resistance, the black curve

corresponds to the 4 point resistance. An exchange of buffer and hence a binding of

Ni resulted in a change of the potential of ∆ψ = (13.8 ± 1.3) mV .

To further interpret this result, an easy plate capacitor model can be used as
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Figure 5.4: Potential change for the charging and decharging of the NTA headgroups. (a) shows the
response versus time, (b) shows the time averaged potential values for the two (red) and
the four point (black) measurement.

schematically shown in figure 5.5. In this model, the lipid bilayer is approximated as

a dielectric layer, separated from the substrate through an intermediate water layer.

The intermediate water layer is present, because both surfaces (lipid headgroup and

SiO2) are hydrophilic. A change of the surface charge at the outer leaflet of the

membrane of ∆σ is related to a potential change at the inner leaflet (assuming a

linear potential drop over the alkyl chains as for a ideal dielectric)

∆ψ2 =
∆σ

ε0εr

dbl . (5.1)

For the conditions of our experiment, the distance between the bilayer and the sub-

strate is known to be roughly dwater = 2 nm, whereas the screening length due to the

presence of mobile ions in the water layer is 1/κ ≈ 0.4 nm. Therefore, it is reason-

able to include screening effects into the model and as a first approximation, it can be

assumed that the potential in the electrolyte follows the Debye Hückel approximation

∆ψ(x) = ∆ψ2e
−κ x , (5.2)

where 1/κ is the Debye screening length. In total, a charge density change at the
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(b)

∆σ
∆ψ2

∆ψsf

dwater

(a)
dbl dbl dwater

Figure 5.5: Sketch of the plate capacitor model used to interpret the data. The bilayer is approxi-
mated as ideal dielectric and in the water layer between bilayer and substrate, the Debye
Hückel approximation is used.

outer leaflet results in a potential shift at the surface of the substrate of

∆ψsf =
∆σ

ε0εr

dbl e
−κ dwater . (5.3)

If one assumes that all charges sit at the outer leaflet and that the area per lipid

is ≈ 65Å2 [Cevc, G., 1993], the change of the surface charge density is given by

∆σ =
1e−

65Å2

[
%DOGS − NTA

100

]
, (5.4)

and one arrives for %DOGS − NTA = 20 at ∆σ = 1e−

325Å2
. Inserting the known

values for our experiments of dbl ≈ 3 nm, εr = 2.2 [Dilger et al., 1979], 1/κ = 0.4 nm,

dwater ≈ 2 nm, the expected change of potential in this model is ∆ψ ≈ 51 mV .

This value is higher than the measured value, indicating that the simple model

used is not able to account for the details of the measurement. Obviously, there are

two reasons for that. First, the assumption that the charges directly sit on the plate

represented by the lipid layer is not correct. They rather sit in the headgroup region of

the NTA chelator lipid, which is accessible to water [Dorn et al., 1998] and they will

therefore be screened already at the outside of the assumed plate capacitor, drastically

reducing the measured signal compared to the model. Moreover, for the composite

material used it is not surprising that a bilayer will not be perfect but have some holes,



5.1. LIPID BILAYER ON BARE SIO2 79

also reducing the overall measured signal. The effect of the screening of the charges

in the headgroup region will be discussed in the next section for monolayer systems,

as the defined geometry there allows a quantification of the effect. Additionally one

has to take into account that functional NTA lipids will also be incorporated in the

lower leaflet, making the analysis even more cumbersome.

Summarizing, the bilayer experiments were successful to detect the molecular

charging in a lipid bilayer with the SOI sensor device, proofing its suitability to

detect more complex interactions, such as the binding of proteins to the lipid layer.

However, experiments to detect this protein binding to the complexed NTA groups

were not successful in high ionic strength buffers and the distribution of the NTA

groups over the lipid bilayer is unknown.

Therefore, to have a well defined geometry and density of the linker molecules and

get rid of the intermediate water layer, experiments with a monolayer system on a

hyrophobic substrate were performed and will be presented in the next section.
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5.2 Lipid Monolayer on Hydrophobic Surfaces

Instead of using vesicle fusion, the lipid monolayers were prepared by the solvent

exchange method on the ODTMS covered sensor devices (see section 2.2.3.). Similar

to the bilayer system, the headgroups of the DOGS-NTA lipids will switch their

charge upon the exchange of the buffer by 1e−/DOGS-NTA headgroup. Again, the

buffers were equilibrated on monolayers with no functional lipids by adding KCl to

the nickel buffer. After each experiment, the chamber was flushed with ethanol and

rinsed intensively with buffer to remove the excess lipids. Different concentrations of

functional lipids were used and the response depended linearly on the concentration

of DOGS-NTA lipids incorporated into the lipid layer.

time [a.u.]

Ω

nickel

EDTA

Ω

Figure 5.6: Typical signal for a charging and decharging experiment with DOGS-NTA functional
lipids. (a) shows the time resolved data for a DOGS-NTA concentration of 5%. The
slight drift of the levels is typical for all measurements and can be attributed to either
unspecific adsorption of ions at the surface or drift of ions into the respective oxides of
the sensor. (b) shows the time averaged jumps in resistance upon buffer exchange.

Figure 5.6 shows a typical response curve for a DOGS-NTA concentration of 5%.

The left part shows the original time resolved resistance signal, the right part shows

the time averaged potential changes. Again, a calibration measurement was used to

relate changes in resistance to potential changes. A change of the electrolyte buffer

resulted in an instantaneously resistance change of the SOI layer of ∆R ≈ (0.55 ±
0.05) kΩ/square or ∆ψ ≈ (6.3± 0.5) mV . The same measurement was performed for
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Figure 5.7: Measured changes in potential for different concentrations of DOGS-NTA lipids. The
solid line corresponds to a linear fit to the data, indicating a linear dependance of the
signal from the concentration of functional lipids (a). Sketch of the simple plate capacitor
model used to interpret the measured data. The lipid layer is modelled as ideal dielectric
(b).

DOGS-NTA concentrations between 1% and 20% and the resulting change in potential

for the buffer exchange was measured. Figure 5.7 (a) shows the measured changes

in potential ∆ψ for the lipid monolayer charge sensor for concentrations between 1%

and 20%, averaged over many experiments. A linear fit to the data shows that the

measurements correspond to an increase of the signal of ∆ψ ≈ 0.3 mV for an increase

of the DOGS-NTA concentration of 1%.

In order to understand that result, a model as shown in figure 5.7 (b) can be used.

As discussed in the previous section, for a monolayer on a hydrophobic substrate no

intermediate water layer exists between the substrate and the lipids, but in the head-

group region, screening effects will take place, because the NTA groups are hydrated

[Dorn et al., 1998]. Therefore the theoretical model for the interpretation of the data

is modified. The lipid monolayer is treated as an ideal dielectric material, having a

dielectric constant of εr = 2.2 and a thickness of dml = 1.5 nm [Dilger et al., 1979].

Additionally, in the head group region, the Debye Hückel approximation is assumed



82 5. RESULTS III - LIPID MEMBRANE BASED CHARGE SENSOR

to be valid. Consequently, in the head group region the potential is given by

ψ(x) = ψoe
−κx , (5.5)

where 1/κ is the Debye screening length and ψo is the potential at the position of the

nickel ions. Within the Debye Hückel approximation, a change of the surface charge

is related to a change of the potential as ∆σ = εoεrκ∆ψo and thus the charging of the

head groups a distance dhg away from the alkyl chains of the lipids causes a potential

change of

∆ψ =
∆σ

εoεr

1

κ
e−κ dhg . (5.6)

In the alkyl chains, the potential is given by

ψ(x) = ψ̃o − ∆σ

εoεr

x, (5.7)

where ψ̃o is the potential at the interface to the electrolyte. Again, a change in ψ̃o is

related to a change in σ as ∆σ = εoεrκ∆ψ̃o, so that one arrives at

∆ψ(x) = ∆ψ̃o(1 − κx) . (5.8)

Combining equation 5.9 and 5.8, one arrives at a prediction for the measured potential

∆ψ =
∆σ

εoεr

1

κ
e−κ dhg

1

1 − κ dml

. (5.9)

The surface charge density change for a buffer exchange ∆σ is related to the density

of functional DOGS-NTA lipids as

∆σ =
1e−

65Å2

[
%DOGS − NTA

100

]
, (5.10)

so that one arrives at

∆ψ =
1e−

65Å2

1/κ

εrε0

%DOGS − NTA

100
e−κ dhg

1

1 − κ dml

. (5.11)

From the measured data, the effective measured distance of the charges from

the alkyl chains dhg can be determined. Inserting the values of our experiment of

1/κ ≈ 0.4 nm, εr = 2.2, dml = 1.5 nm and ∆ψ ≈ 0.3 mV for a concentration increase

of 1% DOGS-NTA, one gets dhg ≈ 1.6 nm, which is in the same order of magnitude as

the value one would expect from an estimation of the molecular structure of the NTA
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head group. The chelate complex is connected to the lipids over 12 atoms. Taking

a bond length of C-C bond of ≈ 0.15 nm one arrives at a distance of 1.8 nm. With

respect to the fact that the exact charge distribution in the NTA head groups and the

ion concentration near the surface are only approximately known, the measured data

can very well be explained within the plate capacitor model. However, by using this

model one has to be careful, as it makes several approximations. For example, one

neglects the Stern layer at the interfaces and hence the atomic structure of the ions

in the electrolyte. To get a deeper understanding of the measured signals, further

theoretical work is necessary.

The sensitivity of the senor in the measurements can be calculated from the ob-

tained signal for a DOGS-NTA concentration of 1%. Assuming a perfect layer, the

molecular charge sensor had a realized sensitivity of 1e−/65 nm2. As the signal de-

pends linearly from the concentration of functional lipids, one can extrapolate the

signal height to lower concentrations. The noise in the measurement would allow to

detect signals being a factor of 10 smaller, resulting in a maximum sensitivity of the

charge sensor of 1e−/650 nm2.

Summarizing, the monolayer charge sensor experiments confirmed that the devel-

oped sensor is suitable to detect the charging and decharging of the lipid headgroups

and that the specific binding of proteins should be detectable. In a next step, the Ni

loaded DOGS-NTA lipids can be used as specific binding site for His-tagged proteins.

The results of these experiments will be discussed in the next chapter.
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5.3 Summary and Discussion

The experiments with a functional lipid bilayer on the hydrophilic substrates showed

that in principle the detection of charged molecules on biofunctional sensor devices

is possible. For high (20%) concentrations of functional lipids, stable signals were

obtained. The interpretation of the obtained signals is difficult due to the fact that

the distribution of the functional lipids over the upper and lower leaflet is unknown

and an intermediate water layer between lipid layer and substrate is unavoidable.

Moreover, the screening of the charge in the headgroup region has to be taken into

account. Additionally, the detection of a His-tagged proteins was not possible in the

bilayer system for high ionic strength buffer.

A lipid monolayer on a hydrophobic substrate gave reasonable responses even

for functional lipid concentrations of 1%. The response for different concentrations

scales linearly with the concentration of functional lipids in the layer. The achieved

sensitivity for this biofunctional system was 1e−/65nm2, but the signal to noise ratio

would allow the measurement of signals, which are a factor of 10 smaller. Because of

the linear relation between potential change and functional lipid concentration, this

translates to a maximum sensitivity of 1e−/650nm2. In an optimized measurement

setup with an effective shielding so that lower back gate voltages can be used as

working point (see section 3.1.3.), this value can be further optimized.

To compare this sensitivity with other techniques, one can look at the obtained

sensitivity of SPR or impedance spectroscopy as reported in the literature. Hillebrand

et al. estimate the maximum sensitivity for the detection of the charging of the DOGS-

NTA lipids on ITO substrates to be 1e−/100nm2 and demonstrate the measurement

of 1e−/40nm2. However, they did not succeed to detect the further binding of a

histidine tagged protein to the complexed chelator lipids [Hillebrandt et al., 2002].

For chelator lipid monolayers on gold surfaces, Dorn et al. observed the binding of

Ni ions to the chelator lipids by SPR [Dorn et al., 1998]. For a molar concentration

of the functional lipids of 1%, they obtained a signal of 50 resonance units (RU) at

a noise level of ≈ 5 RU. Taking 65Å2 per lipid molecule in a fluid lipid monolayer,

this measurements can be extrapolated to a maximum sensitivity of ≈ 1e−/650nm2,

equal to the sensitivity obtained in our setup.
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Figure 6.1: Sketch of the biomimetic model surface system used to test the semiconductor sensor.
The DOGS-NTA headgroups can be charged and decharged by nickel and EDTA. In the
complexed state, the chelator lipids serve as specific binding sites for histidine tagged
artificial peptides or proteins (In this case GFP is shown).

As discussed in the last section, the SOI sensor was able to detect the charging

and decharging of the NTA chelator lipids with very high sensitivity, hence proofing

its suitability for further biological detection measurements. One reason to use the

DOGS-NTA functional lipid monolayer as test system was that one can directly use

them in the charged state to specifically bind proteins or artificial peptides, which

have 6 additional histidine amino acids added to their primary structure, a so called

His-tag.

Figure 6.1 shows the principle cycle for the surface reaction. The NTA headgroups

can be charged and decharged by nickel and EDTA as discussed and measured in the

85
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last section. In addition, the nickel loaded head group also serves as a specific binding

site for the His-tagged proteins. As only the complexed state is binding His-tags, this

binding can be undone again by adding EDTA, opening the possibility to run the full

cycle several times and reusing the lipid interface.

Experiments with pure His-tags, artificial aspartic acid peptides with His-tags,

His-tagged Green Fluorescent Protein (GFP) and His-tagged LumazinSynthase

(LuSy) will be presented and discussed. Figure 6.2 shows schematics of the four

different types of molecule used in the binding experiments in this chapter.

(a)

H
OH

O

N NH2

N

(b)

His360LuSy 

15 nm

(c) (d)

2-3 nm

4-5 nm

Green Fluorescent Protein (GFP)
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NH2
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O

H
OH
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N

6 6
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Figure 6.2: For the binding experiments, four different molecules were used. (a) and (b) show
sketches of the artificial peptides His6 and His6Asp6. (c) and (d) show the natural
proteins GFP and His360LuSy. Except for the His6, all other molecules have an excess
of negatively charged amino acids at pH = 7.5 and hence the binding should result in
an increase of the resistance of the undoped sensor devices.

The binding experiment were done in the same way for all His-tagged peptides

and proteins and will be presented in the next sections.
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6.1 Specific Detection of Artificial Peptides

In the loaded state, the NTA headgroups of the DOGS lipids represent a specific

binding site for His-tags, a sequence of 6 histidine amino acids. In principle, already

two histidne amino acids can bind to the chelate complex, but for six histidines the

bond formation is optimized. As they consist of natural amino acids, these His-tags

can be added to the primary sequence of any natural protein or artificial peptide. The

bond of a His-tag to a metal chelate complex is a standard method used in molecular

biology and is a very flexible linker system for many different molecules.

6.1.1. Binding of His-tags

To make sure that possible signals in protein binding experiments are really caused

by the charge of the protein and not by the His-tags themselves, the binding of the

His-tags without attached peptide was measured. Figure 6.3 (a) shows the molecular

structure of histidine, figure 6.3 (b) shows the measured change in the sheet resis-

tance for the binding experiment. The measurement was done on a ODTMS covered

undoped sensor at a back gate voltage of Ubg = +25V . The concentration of the func-

tional DOGS-NTA lipids was 5% and the presence of the functional mono layer was

verified by the reversible charging and decharging of the head groups with nickel and

EDTA containing buffer. The two buffers were equilibrated before the experiment as

described in the previous section. The histidine containing buffer was not matched

with the other two buffers before the binding experiment and therefore, the difference

in the signal with this buffer on the surface is a combination of the bulk buffer effect

and the surface modification due to the His-tag binding.

The monolayer headgroups were decharged and charged two times, followed by

the binding of the pure His-tags. After the binding, the mono layer with His-tags was

measured in nickel containing buffer, to have the same bulk effect and then the NTA

headgroups were decharged and charged again several times. The difference between

the nickel level before the addition of His-tags (level 1 in figure 6.3) and the nickel

level directly after the addition of His-tags (level 2 in figure 6.3) is caused by the

combination of specific and unspecific binding of the His-tags to the lipid mono layer.

The difference between level 2 and the next nickel level after the bond was opened

by EDTA (level 3 in figure 6.3) is caused by the specific binding of the His-tags only.

For the His-tag binding, no effect was measured. Obviously, the noise and the drift
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Figure 6.3: Molecular structure of the amino acid histidine. A His-Tag consists of 6 of these histidines
connected with the covalent peptide bond (a). Response curve as obtained for the specific
binding of his-tags (b). Different buffers are shaded in different colors, blue stands for
nickel containing buffer, red for EDTA buffer and green for the His-tag buffer.

of the measurement limit the measurable effects to charge variation being bigger than

the one caused by the His-tag binding. This is exactly what one expects, considering

that for pH = 7.5 the histidine side chain is neutral and therefore the complete

His-tag is uncharged.

6.1.2. Binding of His-tagged Aspartic Acid

By adding a charged amino acid to the pure His-tag, a peptide with a controlled

charge can be produced and the effect on the sensor signal can be measured. The

natural amino acid aspartic acid has a negative charge at pH = 7.5 and the molecular

structure is shown in 6.4 (a). An artificial peptide with 6 aspartic acids was chosen,

having a net negative charge of −6e−.

The binding experiment was done completely analog to the experiments with the

pure His-tag. The measurement was also done on a ODMTS covered undoped sensor

at Ubg = +25V and with a DOGS-NTA concentration of 5%. Again, the three levels

with nickel buffer at the surface, before the binding of His6Asp6 (level 1 in figure 6.4),
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Figure 6.4: Molecular structure of the amino acid aspartic acid. At pH = 7.5, the left carboxylic
acid in the side chain is dissociated and hence the net charge of aspartic acid is −1e−.
Response curve as obtained for the specific binding of the peptide His6Asp6 (b). Different
buffers are shaded in different colors, blue stands for nickel containing buffer, red for
EDTA buffer and green for the peptide buffer.

directly after the binding (level 2 in figure 6.4) and after the bond was opened again by

EDTA (level 3 in figure 6.4) are compared. Again, the peptide containing buffer was

not matched with the other two buffers before the binding experiment and therefore

the difference in the signal with this buffer on the sensor surface is a combination of

the bulk buffer effect and the surface modification due to the His6Asp6 binding.

The measured change in resistance for the binding experiments of the His6Asp6

peptide is shown in figure 6.4 (b). In the experiment, the difference between level 1

and level 2 is almost the same as between level 2 and 3, indicating that the binding

of the peptide was mostly specific and therefore unspecific binding of the peptide is

suppressed by a dense lipid layer. The measured change in resistance was ∆R =

(533 ± 19) Ω, corresponding to ∆ψ = (−7.3 ± 0.3) mV .

By looking at the sign of the measured signal, a sanity check can be performed.

The resistance signal gets bigger after the binding of the peptide, which corresponds

to added net negative charge at the surface of the undoped sensor devices. This fact

corresponds well to the predictions of the net negative charge of the aspartic acids at

neutral pH. A more quantitative interpretation of the obtained signal can be achieved
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σ = 6e-/ DOGS-NTA
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Figure 6.5: Sketch of the simplified model used to interpret the resistance changes for the specific
binding of GFP to the DOGS-NTA lipids. The layer of bound, net negative charged
GFP is approximated as a charged plate above the lipid layer.

by applying the adapted plate capacitor model from section 5.2 and modify it slightly

as shown in figure 6.5. As the sensitive area of the device is huge (80µm x 80µm) in

comparison to the average area per functional DOGS-NTA lipid (65Å2), the charges

of the peptide can be assumed to be homogenously distributed over a plate. The

discrete charges of the molecules bound to the DOGS-NTA can be approximated as

a homogenous charge density σ, given by

σ = z
1e−

65Å2

%DOGS − NTA

100
, (6.1)

where z is the number of charges per bound molecule. The lipid monolayer is modelled

as ideal dielectric and as already discussed in the previous chapter, screening effects

following the Debye Hückel approximation are assumed to take place in the head

group region and the electrolyte. In a first approximation, the distance of the charge

density from the head groups of the lipid layer can be assumed to be 1
2
dpeptide + dhg,

where dpeptide is the persistence length of the artificial peptide and dhg is the size of

the chelate head group as obtained in section 5.2. If one assumes the size of an amino

acid to be 3.6Å [Stryer, L., 1994], one arrives at a length for the six aspartic acids of

6 · 3.6Å ≈ 2.16 nm. According to equation 5.11, the expected change in potential for

the binding of the artificial peptide in this model is given by

∆ψ =
−6e−

65Å2

1/κ

εrε0

%DOGS − NTA

100
e
−κ

(
dpeptide

2
+dhg

)
1

1 − κ dml

. (6.2)

Inserting the values of dml = 1.5 nm, εr = 2.2, 1/κ = 0.4 nm, %DOGS−NTA = 5

and dhg ≈ 1.6 nm, one obtains a theoretical prediction of ∆ψ ≈ −0.7 mV . Compared
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to the measured effect of ∆ψ = (−7.3± 0.3) mV this is an order of magnitude smaller.

This difference can be explained by a smaller screening length near a surface and

additionally, because the assumption of all charges sitting at half the distance is a

rather crude estimate. The exact geometry of the His6Asp6 peptide sitting on the

lipid head groups is not known and a slight tilt angle will have a big effect on the

expected response due to the exponential dependance of the signal from the distance

of the charges.

Nevertheless, the obtained signal is excellent and the binding was specific, proofing

that unspecific adsorption of the peptide did not occur due to a good passivation layer.

With these experiments, the detection of a natural protein with His-tag is shown to

be possible and the results of these measurements are shown in the next section.
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Figure 6.6: Response curve as obtained for the specific binding of GFP (shown on the right). The
charging and decharging was observable before and after the binding. The specific GFP
binding corresponds to a change in the resistance between level 2 and 3 of ∆R = (411±
32)Ω or ∆ψ = (−4.8 ± 0.4)mV .

6.2 Specific Detection of His-tagged GFP

The binding of His-tagged GFP to NTA chelator lipids has been studied quite exten-

sively using SPR and fluorescence microscopy [Rädler et al., 2000, Thess et al., 2002,

Hutschenreiter et al., 2003]. The binding is highly specific and reversible upon the

addition of EDTA, which opens the chelate complex by taking out the nickel ion.

The primary sequence of GFP contains 238 amino acids with a molecular weight of

≈ 30kDa. The size of a GFP protein is roughly 2.5 nm x 4.8 nm (figure 6.6) and

in the amino acid sequence of GFP there are eight amino acids with negative side

chain more than amino acids with positive side chains, indicating that GFP has a net

negative charge at neutral pH.

Again, the binding experiment was done completely analog to the experiments

with the pure His-tag. The measurement was also done on a ODMTS covered undoped

sensor at Ubg = +25V and with a DOGS-NTA concentration of 5%. Again, the three

levels with nickel buffer at the surface, before the binding of GFP (level 1 in figure

6.6), directly after the binding (level 2 in figure 6.6) and after the bond was opened

again by EDTA (level 3 in figure 6.6) are compared. Again, the protein containing

buffer was not matched with the other two buffers before the binding experiment

and therefore the difference in the signal with this buffer on the sensor surface is a

combination of the bulk buffer effect and the surface modification due to the GFP
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Figure 6.7: Sketch of the simplified model used to interpret the resistance changes for the specific
binding of GFP to the DOGS-NTA lipids. The layer of bound, net negative charged
GFP is approximated as a charged plate above the lipid layer.

binding.

The measured change in resistance for the binding experiments of GFP is shown

in figure 6.6 (b). In the experiment, the difference between level 2 and 3 was

∆R = (411± 32) Ω. From the calibration measurement, the corresponding change in

potential is ∆ψ = (−4.8 ± 0.4) mV . The effect of the unspecific binding (difference

between level 1 and level 3) could not be resolved in the noise and the signal drift of

the measurement, indicating that the binding of GFP was mostly specific.

As a first interpretation of the signal, a sanity check can be performed by looking

at the sign of the measured resistance change. The resistance gets bigger after the

binding of GFP, showing that the net charge added at the surface is negative, which

corresponds well to the predictions of the net negative charge of a GFP protein at a

pH = 7.5 as used in this experiments. In addition, to interpret the obtained signal

more quantitively, one can apply the same simple plate capacitor model as for the

binding of the His6Aps6 in the previous section. The resulting model is shown in

figure 6.7. With the same argumentation as before, the discrete charges on the GFP

molecules bound to the DOGS-NTA can be approximated as a homogenous charge

density σ and in a first approximation, the distance of the charge density from the

head groups of the lipid layer can be assumed to be at the middle of the maximum size

of a GFP molecule. Analog to the model for the artificial peptide, screening effects

are assumed to occur in the head group region and in the electrolyte. Completely

analog to equation 5.9, the expected change in potential is then given by

∆ψ = z
1e−

65Å2

1/κ

εrε0

%DOGS − NTA

100
e
−κ

(
dGFP

2
+dhg

)
1

1 − κ dml

. (6.3)

Inserting the values corresponding to the experimental conditions, dGFP = 4 nm,
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1/κ = 0.4 nm, dml = 1.5 nm, εr = 2.2 , %DOGS − NTA = 5 and ∆ψ = (−4.8 ±
0.4) mV and assuming z ≈ −8, one gets ∆ψ ≈ −0.1 mV , which is again smaller

than the measured response. The difference can be explained completely analog to

the argumentation for the His6Asp6 peptide in the previous section: The screening

length near a charged surface is smaller than the bulk value and additionally the

exact orientation of the GFP molecules at the surface is not known. The assumption

that all proteins are arranged and sitting perpendicular to the surface is not valid.

A slight tilt angle of the molecules will have a big effect on the expected response

due to the exponential dependance of the signal from the distance of the charges and

therefore the measured signal is higher than the predicted one.

The maximum sensitivity can be estimated by assuming that all DOGS-NTA lipids

were charged with one GFP molecule. Under this assumption, the presented mea-

surement with 5% functional lipids corresponds to a sensitivity of 1 GFP / 1300 Å2.

The detection of signals being a factor of 5 smaller is possible before the signal dis-

appears in the noise level and as shown for the lipid membrane charge sensor, the

signal depends linearly on the deposited surface charge. Therefore, the maximum

sensitivity of this sensor device towards the detection of GFP can be taken to be

1 GFP/ 65 nm2.
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6.3 Specific Detection of His-tagged LuSy

As a second example for the detetion of a natural protein, Histidine360 Lumazin-

synthase (His360LuSy) was used. His360LuSy is a 60-mer icosaedric protein with a

diameter of 15 nm. Each monomer has one 6-His linker, resulting in 360 histidines

or 60 functional linkers for the NTA headgroups. In the primary amino sequence, at

pH = 7.5 there are 3 more amino acids with negative than with positive side chain,

resulting in a predicted net negative charge of − 180 e− for LuSy without the histidine

linkers.

Ω

EDTA EDTA
Nickel Nickel Nickel

EDTA
Nickel

His360LuSy 

15 nm

level 3

level 2

level 1

Figure 6.8: Obtained resistance signal for the specific detection of LuSy (shown on the right). EDTA
buffer is shaded red, nickel buffer blue. Again, the shift of the signal after the binding
was undone and the slight offset of the signal shows that part of signal was due to
unspecific adsorption.

Figure 6.8 shows the obtained signal for the binding of LuSy to a lipid monolayer

with 5% DOGS-NTA. Again, the presence and functionality of the DOGS-NTA was

verified by measuring the charging and decharging with Ni/EDTA before the binding.

The LuSy containing buffer was not matched with the other two buffers, resulting

in a mix of bulk effect and surface effect of the LuSy during the surface is exposed

to this buffer. However, if the bulk buffer is switched back to nickel buffer, the

obtained difference in signal is due to the specific binding of the LuSy only. The same

argumentation as for the GFP binding in the previous section for the specific and

unspecific part of the signal leads to a net change in resistance of ∆R = (−175±86) Ω

or ∆ψ = (2 ± 0.4) mV for the specific binding.

This result is surprising, because for such a strong negative charge of −180e− as

predicted from the primary amino acid sequence, one would expect first, a bigger
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effect and second, the effect measured here goes to the direction of a more positive

surface, contradicting the excess of amino acids with negative side chains.

However, this seemingly contradictory result can easily be explained by taking

into account that each monomer has the possibility to bind positive nickel ions, con-

tributing a high positive charge on the outer edge of the LuSy. Hence a net charge

of the His360 LuSy complexed with many nickel ions close to zero or even slightly

positive seems to be reasonable.

6.4 Summary and Discussion

The experiments to detect the specific binding of artificial peptides and natural pro-

teins with His-tag were successful and represent the first measurement of protein

binding events to a biocompatible surface with a semiconductor based sensor device.

The pure His-tag was shown to have no effect and for the artificial His6Asp6 peptide

a signal of ∆ψ = (−7.3 ± 0.3) mV was detected. For the binding of natural GFP, a

signal of ∆ψ = (−4.8 ± 0.) mV was obtained. The direction of both signals agrees

with a net negative charge deposited on the surface, as expected from the primary

amino acid sequence. Moreover, the size of the measured signals are explainable in a

simple plate capacitor model with the assumption of the Debye Hückel approximation

being valid in the headgroup region and the electrolyte. Extrapolating the result, the

maximum sensitivity of the sensor device covered with the functional lipid mono layer

can be estimated to be in the range of 1 peptide/65nm2. As the net charge of the

GFP is several elementary charges, on a miniaturized sensitive area the detection of

only a few proteins should be possible.

Compared to impedance spectroscopy experiments with lipid monolayers on

ITO, the obtained sensitivity is much higher, as impedance spectroscopy was

not sensitive enough to detect the specific binding of GFP to the chelator lipids

[Hillebrandt et al., 2002].

SPR measurements on lipid mono layers on hydrophobic gold surfaces were suc-

cessful to detect the binding of GFP [Dorn, 1998]. The noise of the signal in these

experiments was about 10 RU, where 1000 RU corresponds to a protein concentra-

tion of 1ng/mm2 and hence the maximum sensitivity was 0.01 ng/mm2. This can be

calculated to a sensitivity against charges by accounting for a molecular mass of the

GFP of 30kDa and assuming a net charge per GFP of ≈ 5e−, resulting in a sensitivity

of 1e−/10000nm2. This value is two orders of magnitude higher than the obtained
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sensitivity with the SOI sensor devices. As discussed before, this is not very sur-

prising, as SPR measures the change of refractive index, which scales with the mass

deposited at the surface, whereas the SOI sensor measures charges. Consequently, for

the charging experiments with nickel ions, the sensitivity is comparable, whereas for

the protein binding SPR has a much higher sensitivity, because the ratio of deposited

mass to deposited charge is much higher for GFP than for nickel.

However, as discussed in section 3, the sensitivity of the developed SOI sensor

can be drastically increased by improving the measurement setup or optimizing the

doping concentration and it will be a task for future experiments to increase the

sensitivity.

Additionally, the developed SOI sensor device has several advantages, such as the

possibility for a parallel detection of many proteins and the direct electrical signal

caused by the binding event. The SOI sensor measures the effective charged rather

than the deposited mass at the surface. Therefore, by inverting the argumentation

used in the last chapters, for a known geometry the SOI sensor is an excellent tool to

determine the charge of unknown proteins, a very important problem in the classifi-

cation of proteins.
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7 Outlook

The experiments performed in this work successfully showed the suitability of SOI

as substrate for semiconductor based sensor devices. With the developed sensor, a

lot of different experiments can be performed in the future and some of them will be

presented here.

Certainly, the first step will be to optimize the measurement setup and the semi-

conductor technology. Employing a differential setup will increase the sensitivity

because drift effects can be subtracted. Optimizing the shielding and the doping

profile in the sensor layer will increase the slope of the R(Uref ) curves and therefore

increase the sensitivity. The development of a differential sensor already started and

first experiments are planed in the near future.

Apart from the technological optimizations, experiments with biological back-

ground are very interesting to perform. First experiments to detect the hybridization

of DNA show very promising results [Neff et al., 2004]. The primary strand of DNA

can be immobilized either by polyelectrolyte adsorption with a poly-l-lysine/DNA

system or covalently coupled to the surface with biotinylated BSA and streptavidin.

The results obtained so far show that for the detection of a single base pair mismatch,

a differential setup will be needed.

Additionally, the experiments to detect the specific binding of proteins certainly

need to be extendend. For example, the controlled incorporation of a charge into the

primary sequence of a protein can be reached by incorporating additional charged

amino acids. Enzymatic reactions can be observed with other other lipid systems such

as the cutting of the phosphate headgroups of of phosphatidylinositol 4,5 bisphosphate

by phospholipase C-β.

In figure 7.1, other future experiments are illustrated. In part (a), a sensor with

several different sensitive fields in parallel, functionalized with different receptors is

shown. Applications for such a sensor range from the screening of new drugs to

the analysis of the genetic information encoded on the messenger RNA. The already

started development of the differential sensor with two sensitive field is the first step

into this direction.
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Figure 7.1: Sketch of two experiments for future work on the SOI sensor devices. (a) shows a sensor
with different sensitive fields, being able to screen many interactions in parallel. A sensor
structured into many nanowires can serve as substrate and detector for the membrane
based electrophoresis of transmembrane proteins incorporated into lipid layers as shown
in (b).

Part (b) illustrates an even more sophisticated experiment, which has already

been started by the development of a new chip design and the outsourcing of the

chip production to a professional semiconductor production facility at the Fraunhofer

Institute. In principle, many different narrow lines, nano wires can be produced on a

SOI wafer. On top of a suited passivation layer, amphiphilic polymers representing a

soft cushion can be deposited. These cushions allow the incorporation of big trans-

membrane proteins into lipid layers without denaturing at the surface. By applying

an electric field in the electrolyte solution, the electrophoresis of these proteins can

be monitored by the signals the protein causes in the different nanowires.

Even though some of these experiments are challenging, the experiments per-

formed in this work proofed the principle of the underlying ideas and makese a further

proceeding worthwhile to follow.
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Appendix

Appendix A: Semiconductor Technology - Process Details The production

process is described also in chapter 2.1. Basically the process consisted from the

following steps:

- Wafer cutting and breaking on a Karl Suess Microtech Ritztisch to single pieces

of 9.3 mm x 9.3 mm.

- Ultrasound cleaning of the wafers in acetone and isopropanol for 3 minutes.

- Spincoating of the photoresist for structure etching (SS1805, Shipley, USA) for

40 s with 6000 rpm.

- Soft bake tempering step before illumination for 30 min at 90o.

- Illumination of the resist over the photo mask on a mask aligner (Karl Suss

Microtec MJB 3, Munich) with a UV-lamp for 10 s.

- Developing the resist in developer (Hoechst, AZ 351B) for 7s and drying under

nitrogen.

- Hard bake for 2 hours at 120o.

- Etching in a 3:7 mixture of concentrated HNO3 (67%) and diluted HF (1.5%)

until a color change was visible when the complete silicon was removed. The

etching time strongly depended on the doping concentration. For 1016cm−3, the

color change occurred after 90s, for 1018cm−3 already after 40s.

- Cleaning of the chips in water and isopropanol. Removing the photoresist in

acetone and cleaning again in isopropanol and acetone.

- Optional Dektak measurement of the etching depth.

- Spincoating photoresist for the metallization (S1818, Shipley, USA) with

10000 rpm for 40 s.

- Soft bake tempering step before illumination for 30 min at 90o.
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- Developing the resist in developer (Hoechst, AZ 351B) for 7s and drying under

nitrogen.

- Hard bake for 2 hours at 120o.

- HF dip to remove the native oxide by exposing the wafer for 60 s to HF vapor.

- Gluing the substrates to a glass slide with wax. The glass slides were placed in

a sample holder facing down in the evaporation chamber.

- Evaporation of the chamber to a pressure of 10−7mbar, deposition of 10nm Ti

and 200nm Au by e-beam.

- Lift-off by sonication of the wafer at 20% intensity in acetone and intensively

rinsing with fresh acetone. After 30 s, the photoresist began to be dissolved

and the metal was left only in the contact regions.

- Optional silanization with ODTMS (see section 2.2.2.).

- Bonding into a chip carrier. The contact to the chip had to be done with a

two component conducting glue (Epotek RS 20 ) to avoid breakthrough of the

buried oxide during the bond formation.

- Encapsulation with silicon rubber (RTV-1, Roth Chemicals, Germany)
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Figure 7.2: Screenshot of the front panel of the measurement software. The detailed function and
meaning of the different parameters is given below.

Appendix B: Measurement Program - Details The software program written

to perform the measurements is based on the software LabView and the program

itself was intended to be self explaining. Nevertheless, a short manual of the basic
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features of the program is given below.

Figure 7.2 shows the front panel of the program. All relevant parameters can be set

here.

1 The measurement time of the running measurement is shown in minutes as a
digitized indicator and as an old fashioned clock.

2 The maximum duration for one gate voltage is set here. Both, the number of
characteristics or the maximum time can be set. The program switches to the
next gate voltage, when the one of the numbers is reached.

3 The measurements are carried out as shown here. First, the inner loop (one
single current-voltage characteristic) is fulfilled, then the outer loop (different
gate voltages). The time between the measurement points can be set here for
both loops.

4 File management window. For each measurement, a separate folder is created
with actual date and number of measurement.

5 The parameters for the gate voltage sweep (outer loop) are set here. The upper
and lower border as well as the number of intermediate points can be chosen
separately.

6 The parameters for the source drain voltage sweep (inner loop, current-voltage
characteristic) are set here. The upper and lower border as well as the number
of intermediate points can be chosen separately.

7 The actual measurement values are shown as digits in this window. Optionally,
the display can be cleared.

8 Start and Stop button for the measurement. Optionally, the measuremnts can
also be stopped by the general LabView Stop button.

9 Graphical result window. The actual four point measurement is shown in the
upper right graph, the two point measurement in the upper left graph. The
upper middle graph shows the leakage current. In the bootom part, the last
measurement is shown.

10 In the left part, the two point resistance is shown versus time, in the right part
the four point resistance. This window serves to monitor the measurements
online during the buffer exchanges.

11 Parameters to control the dialogue between computer and instruments, such as
GPIB number, Instrument type, etc.
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Meinen Schwiegereltern , Otto und Josephine, ohne deren Unterstützung Eva
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