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Zusammenfassung

Das Ziel dieser Arbeit ist die elektrochemische Charakterisierung von mit (bio)orga-
nischen Systemen funktionalisierten GaAs Oberfldchen, vor dem Hintergrund einer
Anwendung als chemisch/biochemischer Sensor. Die Beschichtung mit monomoleku-
laren Mercaptobiphenyl-Schichten (MBPs) via kovalente Arsenid-Sulfid Bindungen
verhindert die elektrochemische Degradation von GaAs in physiologischen Elektroly-
ten fiir langer als einen Tag. Wie im Hauptteil dieser Arbeit gezeigt wird, bieten Impe-
danzspektroskopie-Messungen (iiber einen weiten Frequenzbereich und bei verschie-
denen Vorspannungen) einzigartige Moglichkeiten zur quantitativen Identifizierung
verschiedener elektrochemischer Schichten.

Im Kapitel 5 wird die pH-Empfindlichkeit von GaAs Elektroden untersucht, welche
mit hydrophoben CH3-MBP Monolagen beschichtet sind. Der Widerstand R, der funk-
tionalisierten GaAs- Grenzfldche ist proportional zum pH-Wert des Elektrolyten und
der externen Vorspannung Up;,s, woraus man die beobachtete pH-Empfindlichkeit des
funktionalisierten GaAs zu 35 mVpH ! berechnen kann. Die Modelierung mit verein-
fachten Ersatzschaltkreisen erlaubt es, aus mehreren moglichen Modellen fiir Mecha-
nismus der pH-Empfindlichkeit ein Modell auszuwéhlen, dass als Erklarung die Ad-
sorption von OH ™ -Ionen an die hydrophoben CH3-MBP Monolagen identifizieren.

Kapitel 5.2 beinhaltet die Funktionalisierung von AlGaAs/GaAs Heterostrukturen mit
CHj3-MBP Monolagen. Unter Beibehaltung der etablierten Funktionalisierungs-Proto-
kolle zeigt der mit CH3-MBP Monolagen funktionalisierte 2DEG-Baustein eine aus-
gezeichnete elektrochemische Stabilitdt. Dartiber hinaus zeigt der Flaichenwiderstand,
welcher der Ladungstragerkonzentration in der 2DEG Schicht entspricht, dhnlich wie
bei reinem GaAs eine deutliche Abhdngigkeit vom pH-Wert des Elektrolyten. Bemer-
kenswert ist zudem, dass die pH-Empfindlichkeit von 36 mVpH_1 des funktionalisier-
ten 2DEG vergleichbar mit der von reinem GaAs ist, was auf den gleichen molekularen

Mechanismus schliefSen ldsst.

Um ein tieferes Verstandnis iiber den Mechanismus der pH-Empfindlichkeit von hydro-
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phobem GaAs zu erlangen, wurde der Einfluss verschiedener Ionen im Rahmen der
Hofmeister-Serie untersucht. Dies ist Gegenstand von Kapitel 6. Dort wird die pH
Abhidngigkeit anhand von reinen GaAs-Elektroden untersucht, welche wiederum mit
CH3-MBP Monolagen funktionalisiert sind. Im Vergleich zu I™ gibt es bei C1™-Anionen
eine hohere pH-Abhédngigkeit, wobei die Interpretation ist, dass I -Anionen eine héhere

Adsorptionskraft an die Oberfldche besitzen als Cl1~ Ionen (Hofmeister-Serie).

Im letzten Kapitel (Kapitel 7) wird eine mogliche Anwendung von Oberfldachen-ge-
stiitzten Lipid-Monolagen auf MBP-funktionalisiertem GaAs als elektrochemiscer Bio-
sensor untersucht. Unter Verwendung eines leicht verdnderten Ersatzschaltkreises, der
die Eigenschaften von Lipidmembranen als Diffusionsbarrieren beriicksichtigt, wird
demonstriert, dass das System in der Lage ist, sowohl die Kinetik der Membranbildung
als auch mit einer solchen Kompositmembran das Oberflachenpotential der Membran
zu detektieren. Dariiber hinaus kann die enzymatische Aktivitit der
Phospholipase Ay, ndmlich das Abschneiden einer Fettsdure von einem Phospholipid-
molekiil, durch Impedanzspektroskopie in einem grofsen Frequenzbereich erfolgreich

beobachtet werden.

Die erzielten Resultate demonstrieren, dass mit (bio)organischen molekularen Syste-
men funktionalisiertes GaAs sich gut eignet, Veranderungen von Oberflachenpotentia-
len in wéssrigen Losungen zu detektieren, welche durch verschiedene chemische /bio-
chemische Stimuli verursacht werden, wie beispielsweise pH Verdnderungen, Adsorp-
tion von Ionen, oder enzymatische Reaktionen. Aufgrund der durch die Beschich-
tung mit organischen Monolayern erzielten exzellenten elektrochemischen Stabilitét
konnen mit Hilfe der Impedanzspektroskopie iiber einen weiten Frequenzbereich ver-
schiedene elektrochemische Schichten quantitativ unterschieden werden. Die Tatsache,
dass die beobachtete pH Empfindlichkeit von reinem GaAs vergleichbar ist zu der von
2DEG Bausteinen, ist ein tiberzeugendes Indiz dafiir, dass die quantitative Auswer-
tung einer funktionalisierten Oberfldche ein Punkt von kritischer Bedeutung fiir eine
hohe elektrochemische Empfindlichkeit ist.



Summary

The general aim of the present work is the electrochemical characterization of GaAs
surfaces functionalized with bioorganic molecular systems towards chemical /bioche-
mical sensor applications. Deposition of monomolecular films of mercaprobiphenyls
(MBPs) via covalent arsenide-sulfide bonding prevents the electrochemical degrada-
tion of GaAs in physiological electrolytes for more than a day. As demonstrated in the
main part of the thesis, measurements of impedance spectroscopy in a wide frequency
range and at various bias potentials offer a unique advantage to identify different elec-

trochemical layers in a quantitative manner.

In Chapter 5, pH sensitivity of GaAs electrodes coated with hydrophobic CH3-MBP
monolayers is reported. The interface resistance of the functionalized GaAs (Ry) is pro-
portional to the electrolyte pH and external potential Up;,s from which the apparent pH
sensitivity of the functionalized GaAs can be calculated to be 35 mVpH~!. Among sev-
eral possible scenarios, simplified equivalent circuit models enable one to account for
the mechanism of pH sensitivity in terms of the adsorption of OH™ ions on hydropho-
bic CH3-MBP monolayers.

In Chapter 5.2, two-dimensional electron gas (2DEG) devices based on AlGaAs/GaAs
heterostructures are functionalized with CH3-MBP monolayers. Following the same
functionalization protocols, the 2DEG device functionalized with CH3-MBP monolay-
ers shows an excellent electrochemical stability. Furthermore, similar to that found on
bulk GaAs, the sheet resistance, i.e. the carrier concentration in the 2DEG layer, shows a
clear sensitivity to the electrolyte pH. Interestingly, the pH sensitivity of the functional-
ized 2DEG, 36 mVpH !, is comparable to that of bulk GaAs with the same monolayer,
implying that the obtained sensitivity is governed by the same molecular mechanism.

To gain a deeper insight into the mechanism of pH sensitivity of hydrophobic GaAs,
the influence of different counter anions on the pH sensitivity is studied in
Chapter 6 within the framework of Hofmeister series. Here, the sensitivity is evalu-

ated by impedance spectroscopy of bulk GaAs electrodes with CH3-MBP monolayers.
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In comparison to I~ a higher pH sensitivity can be found in the presence of C1~, which
can be understood as a higher adsorption strength of I anions on the surface with re-
spect to C1™ anions (Hofmeister series).

In the last chapter (Chapter 7), a potential application of supported lipid monolay-
ers on MBP-functionalized GaAs as electrochemical biosensors is exploited. Using a
slightly modified equivalent circuit model that takes the diffusion barrier properties
of lipid membranes, the kinetics of membrane formation as well as the capability of
such composite membranes to detect the membrane surface potential is quantitatively
demonstrated. Furthermore, the enzymatic activity of phospholipase A, i.e. cleavage
of a fatty acid from a phospholipids molecule, can successfully be monitored by mea-

suring impedance spectra in a wide frequency regime.

The obtained results show that GaAs functionalized with (bio)organic molecular sys-
tems possess a large potential to sense the change in potentials on the surface in aque-
ous electrolytes caused by various chemical /biochemical stimuli, e.g. pH changes, ab-
sorption of counter ions, and enzymatic reactions. Owing to the excellent electrochem-
ical stability achieved by deposition of organic monolayers, different electrochemi-
cal layers can quantitatively be distinguished by covering a wide frequency range by
impedance spectroscopy. The fact that the apparent pH sensitivity found on bulk GaAs
is comparable to that of 2DEG devices convinces that the quantitative surface function-

alization is a key that determines the electrochemical sensitivity.
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Chapter 1
Introduction and Motivation

Functional immobilization of biological systems on solid surfaces is an interdisciplinary
challenge, which embraces numerous scientific and technological applications. Scien-
tific applications include understanding of the basic principle of cell adhesion and
signal transduction, while the technological applications include the high throughput
screening assays and protein/DNA chips. One of the primary steps towards this goal
is to “bridge” hard solids and soft biological matters by functionalization of solid sur-

faces with organic, biocompatible layers.

Semiconductors exhibit advantageous properties over other substrate materials, such
as glass, metal and plastics, which allow for opto-electric sensing with no tracer mole-
cules (e.g. fluorescent probes) at very low noise levels. This enables one to remark-
ably “down-scale” the sensing units, even down to the molecular-level counting. In
fact, recent reports using Si-based nano-wires [1] [2] and carbon nanotubes [3] suc-
cessfully demonstrated the detection of specific binding on a single molecule level.
To date, ion-sensitive field effect transistors (ISFETs) setups [4] setups based on Si [5],
GaN [6] [7], and diamond [8] [9] are most widely used sensors for liquid-phase sen-
sor applications. Although the approaches using these micro- and nano-devices can
realize a high sensitivity to detect trace of the analyte, i.e. “yes-or-no” type tests, the
”quantitative” sensing remains to be difficult due to the fact that the surface chemistry
(lateral density, conformation, and orientation of functional molecules on the surface)
is ill defined. Furthermore, most of the previous studies merely deal with soluble en-
zymes, antibodies and proteins, and the functionalization of solid-based devices with
membrane associated proteins is still missing. Based on so-called “supported mem-
brane concepts” [10], Tanaka et al. proposed several prototypes of membrane-based
biosensors on bulk semiconductor electrodes [11] [12] [13]. To achieve a high signal to
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Introduction and Motivation

noise ratio, they utilized ultrathin polymer supports to fine-tune membrane-substrate
contacts [14] [15], which even allows for the orientation selective spreading of native
cell membranes [16].

Among various semiconductor materials, GaAs has a high electron mobility
(e ~ 9200 cm?V~1s71) [17] that can be operated at high frequencies (> 250 GHz) at low
noise. In addition, owing to the almost identical lattice constants, GaAs/AlGaAs het-
erostructure permits flexible band-gap engineering such as two-dimensional electron
gas (2DEG) devices. For instance, Cahen and his co-workers functionalized the surface
of native oxide of GaAs with various carboxylated organic molecules, and reported the
modulation of band structures of GaAs-based 2DEGs in ambient atmosphere [18] [19].

However, the liquid-phase sensor applications of GaAs have been impeded due to the
complex, irreversible electrochemistry in physiological electrolytes [20] [21]. As pre-
vious studies demonstrated, GaAs terminated with oxide is not stable, and capping
of GaAs with different inorganic layers (e.g. SiO; or SiN3) demonstrated that a layer
thickness should be more than 10 nm to overcome a large lattice mismatch with GaAs.
On the other hand, passivation of stoichiometric GaAs surfaces with inorganic and or-
ganic mercapto compounds has been reported by several groups [22] [23] etc. In 2000,
Adlkofer et al. firstly achieved the electrochemical stabilization of GaAs in physio-
logical electrolytes for more than 20 h by covalent coupling of octadecylthiol (ODT)
monolayers on photochemically etched GaAs. Almost the same functionalization pro-
tocol has been adopted to functionalize near-surface InAs quantum dots [24], which
demonstrated not only a stability of quantum dot photoluminescence but also an en-
hancement of photoluminescence in the presence of ODT monolayers. The enhanced
photoluminescence can be attributed to the reduction of surface states density by cova-
lent binding of sulfide and arsenide, verified by the x-ray photoelectron spectroscopy.

This strategy was further extended to mercapto-biphenyl (MBP) molecules that pos-
sess rigid backbone with a larger cross-sectional area (21 A?) and no conformational
degree of freedom. Flexible 4’-substitution permits a variety of functional headgroups
(-H, -OH, -CH3, -F, -CF3) [25]. In fact, monolayers of H-, HO- and CH3-MBPs could
effectively passivate stoichiometric [100] GaAs surfaces [26] [27]. Preliminary experi-
ments further demonstrated that H-MBP monolayer electrochemically stabilize 2DEG
devices in physiological electrolytes [28].

This thesis deals with electrochemical characterization of GaAs surfaces functional-
ized with MBP derivatives and phospholipid membranes, and exploits their potentials

in chemical /biochemical sensor applications. As presented in the main parts, several
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Introduction and Motivation

unique results have been obtained, such as a distinct pH sensitivity of bulk GaAs elec-
trodes rendered with a “"hydrophobic” CH3-MBP monolayer (Chapter 5). Interestingly,
the pH sensitivity calculated from the bulk electrodes is almost identical to that of
2DEG devices with the same CH3-MBP monolayers (Chapter 5.2). The mechanism of
such a pH sensitivity is further discussed in Chapter 6. There, the pH sensitivity is
shown to be influenced by the type of anion present in the solution (Hofmeister se-
ries). In the last section (Chapter 7), a potential biosensor application of supported
lipid monolayer on MBP-functionalized GaAs is exploited, such as the measurement
of membrane surface potentials and monitoring of enzymatic activities. Details of the

obtained results are discussed in the following sections.
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Chapter 2

Materials and Methods

This chapter introduces the materials employed in this thesis and describes the tech-
niques used to fabricate, prepare and characterize the samples. The layouts of the sam-
ples and the experimental set-ups are also presented.

2.1 Materials

2.1.1 Bulk Chemicals
Mercapto-biphenyl

The 4’-substituted-4-mercaptobiphenyl, X-(C¢Hy4),-SH, is the molecule used in this
work to coat GaAs surfaces. The molecules consist of a rigid and bulky backbone with
cross sectional area of 21 A% and a molecular length of ~ 11.5 A [25]. Their synthesis is
reported elsewhere [29] and they were provided by Prof. A. Ulman from the Polytech-
nic University (New York, USA).

Fig. 2.1 depicts the methyl-mercapto-biphenyl (CH3-MBP) molecule, which is exten-
sively employed in this thesis. From the structural and functional viewpoint, the mo-
lecule is structured in three parts. The biphenyl forms the main body (backbone), the
thiol group is employed to covalently bond to surface As atoms, and the headgroup
provides the “functionality” of the molecule when they form self-assembled monolay-
ers (see Appendix A.1). The family H-, OH-, CH3-, F- and CF;3- of headgroups can
also be added to the mercapto-biphenyl molecule. Each headgroup influences the total
dipole moment of the entire molecule [30].
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Chapter 2: Materials and Methods
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Lipids and Phospholipase A,

1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), dehexadecyldimethylammoni-
umbromide = (DHDAB), 1,2-dimyristoyl-sn-glycero-3-[phospho-rac-(1-glycerol)]
(DMPG) and cholesterol were purchased from Avanti Polar Lipids (Alabaster,
Alabama, USA).

Phospholipase A, (PLA;) from honey bee venom was purchased from Sigma Aldrich
(Munich, Germany).

2.1.2 GaAs

GaAs Wafers

Single crystalline [100] Si-doped (n-doped) GaAs wafers with a doping ratio of
2.1 - 35 x 10'® cm~3 were purchased from Freiberger Compound Materials GmbH
(Freiberg, Germany).

To achieve higher space-charge capacitances, which require higher doping ratios, sin-
gle crystalline [100] Zn-doped (p-doped) GaAs wafers with a doping ratio of
2.2-3.5 x 101 em 3 (Wafer Technology Ltd (Bucks, UK)) were employed.
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Section 2.1: Materials

Two-Dimensional Electron Gas 2DEG) based on GaAs

A high density of electrons at the conduction band can be confined to a few nanome-
ters by creating an abrupt discontinuity of the Fermi level. This can be achieved by

GaAs/AlGaAs heterostructures (band gap engineering).

As depicted in Fig. 2.2 (top part), on an n-doped GaAs [100] substrate, 50 nm of AlGaAs
were grown by MBE to form the 2DEG layer at the interface. A Si-d-doping layer was
deposited within the AlGaAs layer at 25 nm from the n-GaAs/AlGaAs interface to
obtain a source of electrons for the 2DEG. Finally, on top of the AlGaAs layer, a 10 nm
of un-doped GaAs was grown by MBE.

Si-8-doping 2DEG

: GaAs
: I
1.04 4 ) ' -5x 10"
1 eVe
084 — L -4 x 107 ¢
= \ ‘\\ : CB edge with V,, ug.
o, 0.6 H ! === nwith Vg, L3 % 10" ‘E
> L ! _——
g N\ | == f_:[? edge é
& 0.4+ \ \ | : L2x10"7 €
\ \ — 2
1 NN ] B
/ T
0.2+ 8 1x 10" @
_ ® Movec™.
0.0 e £0x 10"
1 T T T T T T T T T EF
0 20 40 60 80 100

depth z [nm]

Figure 2.2: Profile of AlGaAs/GaAs 2-Dimensional-Electron-Gas (2DEG) heterostruc-
ture. The continuous lines correspond to the calculated conduction band. The 2DEG
layer arises at the n-doped GaAs/AlGaAs interface. A source of electron is created
by Si-é-doping in bulk AlGaAs. On top of AlGaAs layer, an undoped GaAs layer is
grown. The dashed lines correspond to the density of electrons. As seen, the density of
electrons at the 2DEG strongly depends on changes of the surface potentials eV}.

In the plot of Figure 2.2, the band structure (continuous lines) and the electron den-
sity (dashed lines) are depicted as a function of the depth, as calculated by nextnano®
(Walter Schottky Institut, TU Miinchen). As seen, upon changes on surface potentials
(eVp), a sensitive change in density of electrons at the 2DEG layer arises. The density of
electrons in the 2DEG is measurable by the "sheet’ resistance of the 2DEG layer.
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current or

potential source ampmeter
) ()
\_/ \J

// 1
NiGeAu
contact

Si-8-doping

\

potential source

Figure 2.3: Layout of a Hall-Bar structure of 2DEG device. Ohmic contacts of NiGeAu
are employed to electrically connect the buried 2DEG structure. MBP molecules are
deposited on the surface to prevent the electrochemical degradation of GaAs by elec-
trolytes. Surface potential changes are sensed by changes in sheet resistance Ry, of the
electron density at the 2DEG layer.

The 2DEG heterostructures were patterned by photolithography to construct different
Hall-bar structures in a single chip, as depicted on Fig. 2.3. The ohmic contacts (grey
patches) were deposited as described in section 2.2.2, to enable electrical contact with
the 2DEG layer. Each chip was designed to have 3 Hall-bar structures.

2.2 Sample Preparation

2.21 Deposition of Monolayers of MBP on Bulk GaAs and 2DEG

Devices

Coating GaAs with biphenyl-thiol molecules is a self-assembling process that relies on

the formation of the covalent bond As-S between the substrate and the molecules.

In a cleaned and dried reactor, 100 uM of X-MBP was dissolved into 99.8% ethanol
(Sigma Aldrich, Munich, Germany), so that the presence of oxidizing agents, such as

H>0O or O,, was minimized.

Before any surface coating, the uncoated GaAs sample was initially sonicated in ace-
tone for 3 min and further rinsed with ethanol, in order to remove all organic material.
After evaporating the ethanol with Ny flow, the sample was soaked in concentrated

HCl (35%) for 1 min to strip the native oxide. The resulting surface was a stoichio-
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Section 2.2: Sample Preparation

metric [100] GaAs [31]. Once the HCI was removed with a rapid rinsing with Milipore
water and ethanol, the sample was placed inside the reactor for 20h-24h at 50°C under
a constant and gentle N, bubbling and in dark.

Once the grafting process was completed, the samples were removed from the reactor,
rinsed with ethanol, dried with N and kept under N, atmosphere.

2.2.2 Ohmic Contacts

To perform impedance spectroscopy measurements, an ohmic contact was deposited
at the back side of each sample. The 2DEG devices had patterned contacts on the top
surface.

Following the procedure initiated by Sebastian Luber [32], a Ni(50 A) / Ge(250 A)
/ Au(500 A) / Ni(200 A) / Au(2000 A) layer was deposited by e-Beam evaporation
(Fergutec, Valkenswaard, The Netherlands) on Si-doped (n-doped) GaAs wafers. The
ohmic contact was formed after annealing the surface at 430°C for 200 s.

To form ohmic contacts on Zn-doped (p-doped) GaAs, the same deposition protocol
was employed. No differences were observed regarding the quality of the ohmic con-
tact.

2.2.3 Buffers

A precise treatment of the buffers is crucial as one is attempting to measure surface
potentials.

In this work, double-distilled (dionized) ultra-pure water (R > 18 M() cm) was used
(Millipore, Molsheim, France). All salts were purchased by Sigma Aldrich (Munich,
Germany).

Buffers for ‘pH sensitive’ measurements

The Henderson-Hasselbach relation

pH = pK, +logio [[ﬁA]] 2.1)
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yields the pH as a function of concentration of ions (i.e. ionic strength) and pK, of the
buffer.

Surface potentials are not only dependent on surface charges, but also on the ion con-

centration in the solution (see section 3.2.1). The ionic strength is a measure of the ionic
2

nature of the solution, regardless of the ion charge sign. It is defined as I = } ;[A;]z7,
where [A]; is the concentration of the i species and z; their corresponding ionic charge.

Experimentally, it can be measured with an osmometer.

Phosphate Buffered Saline (PBS): Phosphate salts have four different ionizable states.
In sequence,

1 2 3
a a a

k
H;PO, = H,PO; = HPO>™ = PO~
4 4 4

where pK} =2.15, pK2 = 7,21 and pK3 = 12.33.

From equation 2.1, the total ionic strength can be calculated as a function of the pH of
the solution.

To minimize the effect of the ionic strength in our pH sensitive measurements that
were carried out within 2 < pH < 6.75, a 10 mM PBS and 100 mM of NaCl were dis-
solved in Milipore water. Under these conditions, the theoretical calculation ensured
that the ionic strength varied within 10%. Such results were confirmed with measure-
ments carried out with an Osmometer (Gonotec GmbH, Berlin, Germany), yielding
0.250 £ 0.03 Osm/Kg.

Buffers for Hofmeister series experiments

In chapter 6, Nal and NaCl are used in separate solutions at the same concentrations

to perform pH sensitive measurements.

In this experiment, concentrated HI was not used to titrate the buffer to low pH values.
The reason is that concentrated HI solution inevitably contained a substantial amount
of IO; anions. Therefore, the electrolyte with the lowest pH consisted of
10 mM NaH,;POy4 and 100 mM Nal or NaCl. The pH was systematically tritrated by
adding NaOH.

Buffers for supported lipid layer experiments

For the lipid monolayer experiments, physiological buffers (10 mM PBS and
150 mM NaCl) were prepared and the pH was kept at 6.75. To hydrate lipids and form
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vesicles, the same buffer solution was used.

2mM of Ca®* ions was employed to promote the attachment of PLA, to the lipid layer
by adding 2mM CaCl,. To avoid the precipitation of Caz(POy), by mixing CaCl, with
PBS, 10 mM Hepes was used instead of PBS. The use of Hepes buffer did not cause any
sensitive changes of the results.

2.24 Deposition of Lipid Monolayers

In chapter 7, DMPC, DHDAB™, DMPG™ and Cholesterol were mixed to the desired
composition in chloroform. After evaporating the chloroform, first drying in a gentle
stream of Nj and subsequently placing overnight in vacuum, the lipids were hydrated
in buffer to a concentration of 1 mg/mL to form vesicles.

To facilitate the rupture of the lipid vesicles on the surface, small vesicles were pre-
pared by tip-sonication for 15-25 min. The resulting solution was injected in the flow
chamber and was incubated for 2 hours to promote the deposition and spreading of

the lipids on the GaAs surface.

The lipid mixture composition was chosen so that it always contained 40% molar
of Cholesterol. In the remaining 60% molar was shared among DMPC, DMPG™ and
DHDAB™ to achieve the desired charge density of vesicles.

Phospholipase A, (PLA;) was dissolved to ~ 20 ng/mL in 10 mM Hepes buffer at
pH = 6.75. To activate the hydrolysis of PLA; on DMPC, 2 mM CaCl, was added.

2.3 Characterization Methods

2.3.1 Atomic Force Microscopy (AFM)

The topographic surface roughness of the bare GaAs and MBP functionalized GaAs
was determined by Atomic Force Microscopy (AFM). The surfaces were scanned in
tapping mode (Nanoscope Illa Digital Instruments, Mannheim, Germany) with Si can-
tilevers of spring constant ~ 42 N/m and a tip radius of < 10 nm (NanoAndMore
GmbH, Wetzlar, Germany) on surface areas of 200 x 200 nm2, 1 x 1 pmz and
10 x 10 pm?, in order to obtain a reliable roughness quantity.

The surface roughness was calculated by RMS (Root Mean Squared) of the surface
topography. It is defined as
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N
RMS = | ) (2.2)

x being the height measured by the AFM at a certain point, X the height average and
N the number of points measured.

2.3.2 Ellipsometry

An air-solid ellipsometer (Multiskop, Optrel, Kleinmachnow, Germany) with a laser of
wavelength 632.8 nm and configured to an incidence angle of 70° was used to charac-
terize the X-MBP film thickness on GaAs.

The principle of ellipsometry relies on the multiple reflections of polarized light on a
multilayered system with different refractive indexes (n;, k;) of each layer i. With the
normal component to the surface of the reflected beam Rs and the parallel component

Ry, the fundamental equation of ellipsometry

R .

P — tan¥e 2

Rs
can be derived. A and ¥ can be analytically extracted from this equation, taking into
account that R, and R are complex variables.

The ellipsometric parameters (A and ) can be obtained by the null-ellipsometry tech-
nique [33]. They are the result of finding the elliptical polarisation parameters of the
incidence beam so that the reflected beam is linearly polarized. In this way, the dif-
ferent thicknesses of the multilayered structure can be calculated [33]. The method is
essential as the inversion of the Fresnel reflections” equation to obtain the thicknesses

is analytically impossible.

2.3.3 Principles of Contact Angle

A home made contact angle measurement setup (designed and constructed by Thomas
Schubert) was used to quantify the Surface Free Energy of the GaAs surfaces coated
with X-MBP monolayers. Static contact angles under water (H,O), diodomethane
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(CHI,) and glycerol (C3HgO3) as well as the advancing and receding water contact

angles were measured on all molecules.

From the obtained angles, the Fowkes method [34] provides an analytical tool to cal-
culate the polar and dispersive components of the Surface Free Energy. The total free
energy is v = 74 + 7p, where d and p stand for dispersive and polar components,
respectively. Nevertheless, an alternative and simpler method to calculate the surface
free energy was developed by Owens and Wendt [35]. From

1+ cosf =2y/74

Vi +2y/1¢ \4—77 , (23)
[

Yiv

the dispersion component of the surface free energy of the solid 7¢ and polar compo-
nent 7¢ can be calculated once knowing the free energy of the liquid-vapor 7;, and
the liquid dispersive and liquid polar components, 'yfl and 'yf of each liquid, respec-
tively. The liquid dispersive and polar components can be obtained from a database
published by Fowkes [36].

2.3.4 Current-Voltage Characteristics of 2DEG Devices

The 2DEG device (see section 2.1.2) was put in contact with electrolytes on a flow
chamber which was electrically controlled by means of a three-terminal setup. The
setup contained a reference electrode (Ag/AgCl), a counter electrode (Au) and ohmic
contacts that enabled (i) a contact to set the bias potential Up;,s or Vs, between the
electrolyte and the 2DEG layer and (ii) additional contacts to control and measure the
Source and Drain potential Vsp and current Isp. The device was controlled by a Lab-
view program (designed and developed by Sebastian Luber) from which the experi-

mental data could be extracted, monitored and processed.

Commonly, in conventional ISFET devices, a Source-Drain Follower (SDF) setup is em-
ployed to account for changes of surface potentials. Upon changes of surface poten-
tial, SDF readjusts the Vs, (or Uy;,s) so that the source-drain current Isp remains con-
stant. Nevertheless, to prevent from electrochemical degradation, the Uy;,s of our GaAs
2DEG devices was kept constant. To account for changes of surface potentials, the
‘Sheet Resistance’” Ry, was measured. Ry, is the result of linearly fitting the
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I-V characteristics (Ohmic behaviour) of the 2DEG sheet layer by varying the source-

drain potential Vsp and measuring source-drain current Isp.

2.3.5 Electrochemical Impedance Spectroscopy

To perform electrochemical impedance spectroscopy, bulk GaAs samples (see section
2.1.2) with an ohmic contact deposited on the back-side were employed. Such sam-
ples were placed into a flow cell. The measurement cell was composed of polymethyl-
methacrylate (PMMA) and had an inlet and outlet that enabled a constant flow of elec-
trolyte which was controlled by an external pulse free pump. The volume of the flow
chamber was 1.5 mL and the exposed electrode area was constrained by an O-ring to
0.28 cm?.

Despite the variety of techniques and measurement set-ups currently available for
impedance spectroscopy, a three terminal set-up was constructed in the present thesis.
Such three terminal set-up is compounded by a counter electrode, i.e. a gold (Au) wire,
a working electrode, i.e. GaAs, and a reference electrode, i.e. Ag/AgCl Reference Electrode

Lock-in
Amplifier

Computer

Electrolyte

Ag/AgCl - Reference Flaw

EIeCtrOdeul\-\//
EV) Uy, Au - Counter
o Electrode

/
5 Cu - Back

Ohmic GaAs Contact
Contact . ./

Figure 2.4: Schematic illustration of the measurement setup for impedance spec-
troscopy. Functionalized GaAs samples with back ohmic contacts rest on a copper plate
which defines the bias potential vs Ag/AgCl reference electrode. A constant electrolyte
flow is applied in the chamber. The impedance spectrum is obtained after reading out
the signals with a lock-in amplifier. The impedance data is further transferred to a
computer for numerical processing.
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(Metrohm GmbH, Filderstadt, Germany). The reference electrode enables controlled
bias potentials (Uy;,s) between the electrolyte and the working electrode. Depending
on the electrochemistry of the electrolyte/working electrode interface at a given Uy,
interfacial currents may arise. The excess of currents is compensated by the counter

electrode.

The impedance spectra were obtained by measuring the interface impedance at a fixed
frequency and, subsequently, scanning over the desired frequency window. At each
frequency (w), an additional oscillating potential U(t) of 10 mV of amplitude was su-
perimposed to Up;,s. The outcomes were read out by a Lock-in amplifier (Voltalab 40,
Radiometer-Analytical, Lyon, France) from which the total impedance (real and imag-
inary parts) of the same frequency could be extracted after integrating over 10 oscillat-
ing cycles. In this work, each impedance spectrum was mainly taken between 100 kHz
to 50 mHz. To shield the sample from any environmental electromagnetic disturbances
and to protect it from light, the flow chamber was placed inside a opaque Faraday box.

The resulting impedance data was transferred to a computer, where the data could be

conveniently treated and fitted with the desired physical models.
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Chapter 3
Physical Background

Bringing in contact a semiconductor and an electrolyte arises particular interfacial
physics and chemistry that differ from the ones in the bulk of each phase. This in-
troductory chapter intends to approach the reader to such interfacial phenomenology,
making particular emphasis on GaAs. The chapter starts with different relevant aspects
of semiconductor interface physics, it is followed by the description of the structure of
the electrolyte nearby an interface and finalized with a brief overview of the electro-

chemical phenomena of GaAs.

3.1 Surface Electronic Structure of (GaAs)

Semiconductors

3.1.1 Band Diagram of Semiconductors at Various Bias Potentials

The electron affinity x is a physical quantity that accounts for the energy required to
bring an electron from the surface of the semiconductor into vacuum, immediately out-
side the surface [37]. In the case of metals, the electron affinity x;, is equal to its work
function ¢, and is an intrinsic characteristic of the metal. Nevertheless, in semiconduc-
tors, the electron affinity will depend on the band structure at the surface. As depicted

in Fig. 3.1, the electron affinity of a semiconductor is

X = ¢w — ¢pp — (Ecp — EF). (3.1)

17



Chapter 3: Physical Background
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By bringing in contact a semiconductor with metals or electrolytes, after reaching the
thermodynamic equilibrium and assuming no electron-transfer across the interface,
the Fermi levels of both components will be equal at the interface. From the intrin-
sic difference in work function (¢) between the two materials, a difference in elec-
tron affinity arises: the contact potential. For this reason, in the semiconductor, as the
dopands are immobile, the majority carriers will redistribute from the surface to the
bulk forming the so-called space charge region. This redistribution is ultimately reflected
by the band bending. In the case of electrolytes, an ionic redistribution also arises, as
described in section 3.2.1.

The magnitude of the electron affinity can be experimentally obtained by performing
Kelvin Probe measurements. For example, on GaAs, Cohen et al. used this technique to
measure the impact of different grafted molecules to the electron affinity. They showed
the influence of the molecular dipoles and molecule-surface chemical bond [38]. The

magnitude of electron affinity is important for interface electronics and surface sensing.

If an additional external potential is applied, i.e. bias potential Uy;,s, the potential bar-
rier at the interface is accordingly modified. * If Aly;,s > 0, the Fermi level of the
semiconductor bends downwards, which, in other words, means that by keeping the

Fermi level constant, the bands bend upwards.

Figure 3.2 depicts the different space-charge regimes of an n-doped semiconductor. The
opposite response occurs in a p-doped semiconductor. Under moderate

*Unless the contrary is mentioned in this thesis, the reference potential is set at the bulk electrolyte
(vs Ag/AgCl), as agreed in electrochemistry. In semiconductor physics, the reference potential is at the
bulk semiconductor, and, thus, the sign convention is swapped.
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Section: 3.1: Surface Electronic Structure of (GaAs) Semiconductors

AlUyi,s > 0, the space-charge of an n-doped semiconductor forms the so-called depletion
regime. The electron density (majority carriers) is depleted nearby the surface. Please,
note that for Aly;,s > 0 corresponds to V' < 0 in the figure, because in the figure the
reference of potentials is taken at the semiconductor bulk. In a further increase of Up;,s,
the valence band of the semiconductor may cross the Fermi level. In this case, holes
become the majority carriers at the surface while electrons are majority carriers in the
bulk. The semiconductor is called to be at the inversion regime. Finally, by applying neg-
ative Uy;;s < 0, the bands bend downwards. Electron density increases at the surface

and the semiconductor is at the accumulation regime.

S I E
n-doped
B
Eezzz=-== /| Tv<o
E: m——]
/]
EV + + T+
Depletion Inversion Accumulation

Figure 3.2: Three space-charge regimes for n-doped semiconductor arising from dis-
tinct external potential bias, V.

Another important parameter is the flat band potential Uy,. It corresponds to the exter-
nal bias potential Uy, that needs to be applied so that the semiconductor reaches the
flat band conditions (¢pg = 0). Physically, U, sets an absolute reference of potentials.
Therefore, changes of surface potentials other than originated from Uy, shift Ugy,.

3.1.2 The Depletion Layer Capacitance (Mott-Schottky relation)

It is clear that in a general contact involving a semiconductor, at the thermodynamic
equilibrium, the conduction and the valence bands are brought into a determined rela-
tionship with the Fermi level at the interface. At the depletion regime, the distribution of
charges of the space charge region can be analytically solved with simple approxima-
tions. These analytical relations provide relevant semiconductor parameters that can
be extracted by measuring the capacitance of the space charge region [37]. It is found
that the space-charge capacitance at the depletion regime follows
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= Upigs — Uy —— |, 3.2
C%c €o€squ bias fb q (3.2)

known as the Mott-Schottky relation. Here, Csc is the capacitance of the space charge
region, N; is the doping ratio, €y the dielectric constant of the vacuum, €5 the rela-
tive dielectric constant of the semiconductor (GE‘ZAS =13.1), Uy, the flat band potential,

k the Boltzmann constant, T the temperature and g the elementary charge.

Fulfilling the linearity of the Mott-Schottky relation 1/ C%C vs Upj,s is important because
(i) it demonstrates that the semiconductor is operated at the depletion regime, (ii) it
provides a direct link between the doping ratio N; of the semiconductor (intrinsic
property) and the space charge capacitance, and (iii) it offers an analytical relation-
ship between the surface potential, i.e. ¢pp or Uy, , and its space charge capacitance.
When the semiconductor is operated at the accumulation or the inversion regimes, the
Mott-Schottky relation is not fulfilled.

3.1.3 The Influence of Surface States

When the lattice periodicity of the bulk semiconductor is broken, as it occurs at the
surface, the electronic states of the atoms facing outside ready to form bonds remain
unpaired. New electronic states, named as surface states, arise. Surface states of energy
levels within the band gap can trap charge and thus influence the semiconductor sur-
face electronic properties. Indeed, one can classify the surface states depending on its
physical origin. Two different types can be distinguished. First, the intrinsic surface
states are originated by the physical properties of the semiconductor, i.e. surface atoms
with unpaired electrons or defects of the lattice due to strain gradients. And second,
the extrinsic surface states stem from the type of external adsorbates (chemical nature)

and their degree of contamination.

A surface state can be considered as a donor, if it becomes neutral or positive by do-
nating an electron or an acceptor if it becomes neutral or negative by accepting an
electron T. When a voltage is applied, the surface states move up or down with respect
to the semiconductor Fermi level Er giving a resulting surface charge. Consequently,
the higher the density of surface charges Dss(E) and the closer they are to the mid-gap

TPlease note the distinction between surface charge generated by surface states and surface charge
generated by adsorbates. The latter have a charging mechanism that does not depend on the position of
the Fermi level.
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(deep-surface states), the less impact will have external (surface) potential changes to
changes on the space-charge region. This would make the semiconductor less sensitive
to surface potentials. In other words, the higher the surface states density, the more
pinned is the Fermi level. The pinning of Er is another source of band bending.

GaAs, after extensive research during the 80’s towards its metallization for integrated
circuits, revealed a high dependency of the devices’ performances upon the density of
surface states, the so-called ‘pinning level’. This is critically influenced by the degree
of contamination, the chemical composition of the contaminants, i.e. oxides, as well
as the exposed surface direction of the cleaved surface [39]. The chemical reactivity of
the adsorbates with GaAs [40], the defects they introduce to GaAs [41] and the surface
states reconstruction via chemical bonding [42] are understood to be the responsible
for the pinning of the Fermi level, too. Despite such great diversity of phenomenology
originating surface states on GaAs, nowadays, among the scientific community, the

density of surface states in a Metal/GaAs contact is assumed to be of ~ 1083cm—2[17].

Nevertheless, studies carried out on electrolyte/GaAs interfaces show a sensitive re-
duction of the pinning of the surface states [43], in contrast to the Metal /GaAs contacts.

The existence of the surface states is not only influencing the Fermi level at the surface.
As the surface states get charged as a function of the Up;,s, Qss(s), its capacitance,
Css = —dQss/dys, where ¢ is the surface potential, is seen to linearly depend on
the density of surface states as well as on the voltage applied [44]. Because the ca-
pacitance of the surface states Cgg is ‘connected” in parallel to the capacitance of the
space-charge Cgc, the higher Cgs becomes, the more dominant in the overall capaci-
tance it is. Gersicher calculated that for a density of surface states of 103 em~2, Cgg
can achieve a maximum value of 20 pcm 2 [44]. In contrast, in an electrolyte/GaAs
contact, because of the lower pinning level, the surface states capacitance remains at
Css < 0.1 pFem 2 [43].

3.2 Electrochemistry of GaAs Semiconductors in
Aqueous Electrolytes

At the semiconductor/electrolyte interface, charges (ions) can be accumulated and/or

transferred across the interface. In this part, firstly, the ionic structure of the elec-

trolyte is described towards the calculation of the surface potential. And secondly,
because GaAs undergoes complex electrochemical reactions in contact with aqueous
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electrolytes, a brief overview of GaAs electrochemistry is developed. For completeness,
the principles of electron transfer involving semiconductors are presented in Appendix
A2.

3.2.1 Electrochemistry at GaAs/Electrolyte Interface

Regardless of the charging mechanism of a given surface, either chemical or physi-
cal, leading to a surface charge density o;, electrolyte ions redistribute to preserve the
overall charge neutrality. Despite the complexity of the system, an approximate model
to explain the rise of surface potentials has progressively been developed since the
beginning of the XX century. As depicted in figure 3.3, ions forming the so-called
Stern layer remain adsorbed on the surface. To satisfy the charge neutrality, a “cloud’
of solvated ions arises by interacting via electrostatic forces among each other (Gouy-
Chapman layer). These ionic charge distributions model the electrical potential profile

and its value at the surface corresponds to the surface potential ;.

The Graham Equation

The surface potential originated from the Diffuse layer (or Gouy-Chapman layer) can
be solved analytically. Assuming the dilute approximation (< 100 mM of monovalent
ions), where ions do not interact with each other and the chemical potential remains

constant, the Boltzmann equation can be employed for each ion i. Applying the Poisson
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equation to account for the electrical potential and solving in a case for a given surface
charge density, 0;, the Graham equation can be written as [45]

1

o = 2eeKT <Zpi(0) — Zpi(oo)> =
— /8eeoKT sinh (%) ([Mﬂoo + [D2+]w(2+e%¥°))7. (3.3)

Here, oo denotes the bulk, p; the concentration of ion i, € the relative dielectric constant
of water, { the surface potential, and [M*] and [D*2] the concentrations of monova-
lent and divalent ions, respectively. K, T, €g and e are the Boltzmann constant, the tem-
perature, the dielectric constant of vacuum, and the elementary charge, respectively.

This expression provides an analytical relation between the salt concentration, the sur-

face charge density and the surface potential.

Stern Modification

The previous model suffers from some limitations. An oversimplification arises from

considering that ions are treated as point particles, instead of having a finite size.

This led Stern [46] to modify the Graham equation (above model) by assuming the
adsorption of finite-sized ions at hypothetical free binding sites of the surface. The ions
would adsorb following the Langmuir adsorption kinetics and change the actual value
of surface charge, that would now depend on the concentration of ions of the electrolyte.
Thus, the change in surface potential across the ‘Stern layer” (layer of adsorbed ions)
can be expressed as

C J—
zeNj - (—”ds’b”lk elzepet®)/ kT) = Oygs = € eo—% lp‘s, (3.4)
Call bulk 0

where Nj is the number density of available sites, c,4s py,1x and cy; pyix the concentration
of adsorbates in the bulk and ions in the bulk, respectively, and ® an additional ad-
sorption potential. 5 stands for the so-called {-potential, being ¢ the thickness of the
layer, and 15 the surface potential. [32]

Fulfilling charge neutrality implies that the Diffuse layer charge must compensate the
charge density of the Stern layer 0,45 and the intrinsic charge density ¢p. 0p corresponds
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to the space charge, the surface states of the semiconductor and/or specific adsorption.
Thus, 0yirf = 07 = — (00 + 0445)- For this reason, the Graham equation solves for the
{-potential (= v;), given the salt concentration and surface charge density. The ad-
ditional potential drop across the Stern layer is defined by the above equation to be

Ay = s — Yo

3.2.2 Electrochemical Reactions at GaAs/Electrolyte Interface

All semiconductor materials in contact with electrolytes can undergo a decomposition
process under suitable conditions by oxidation or reduction. The zinc-blend crystal
structure of the majority of III-V semiconductors, and in particular of GaAs, forces that
surface atoms to be bonded to three underlying atoms by means of valence electrons.
These bonding states form the valence band of the semiconductor [47]. Additionally,
the surface states of GaAs become deep surface states by interacting with appropri-
ated redox species [48]. Therefore, the interplay among the surface states, the state of
the conduction and valence band, the type of doping and the redox couples of the elec-
trolyte can develop a myriad of complex electrochemical phenomena which involve
electrons and holes from the surface of the GaAs semiconductor [49].

As Gerischer and Mindt summarized [47] the main decomposition process in a semi-
conductor occurs normally in two steps when

1. the interruption of the surface crystal bonds under presence of electrical forces
either provided by the ions in the solution or the semiconductor itself, resulting

in a new bond linking a crystal and an ion species,

2. the other radical of the semiconductor atom reacts with another ion species.

In both steps, electrons or holes from GaAs are involved, and therefore, the rate of
which either these electrons/holes or electrolyte reaction species are provided and the

energy relationship between them determine the decomposition process.

Anodic Dissolution

As seen in Fig 3.4, the anodic dissolution of GaAs involves 6 holes from the semi-
conductor and 2 reduced species from the electrolyte solution. The mechanism is irre-
versible and different reaction constants may also be involved. As depicted in Fig. A.2,
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Figure 3.4: Reaction pathway corresponding to the anodic dissolution of GaAs. As the
Ga-As bonds form the valence band of the semiconductor, the presence of holes at
surface atoms, needed for these electrochemical process, dissolve the semiconductor.
In the anodic dissolution, 6 holes and 2 anions (X ™) are required.

the rate of this process can therefore be controlled by the Uy;,s, as well as the concen-
tration of reduced ions.

Notten, van der Meeraker and Kelly [48] remark that particularly when X~ = OH™, i.e.
at neutral or high electrolyte pH, this process does not follow the theoretical Nernst
response, 60 mV /decade of current. Such deviation is interpreted to be caused by the
products of the anodic dissolution reaction which remain adhered on the surface. They
change the Helmholtz layer and therefore shift Uy, (flat band potential) as the reac-
tion goes on. In an extent, this can be understood as the formation of an oxide film.
Impedance spectroscopy measurements on bare GaAs in contact with neutral elec-
trolytes show a constant and irreversible drift of impedance parameters, which is con-
sistent with supposed formation of an oxide film [50].

Hydrogen Formation

H ions do react on the surface of GaAs in a different manner regarding the H, forma-
tion. In GaAs, the Volmer-Tafel mechanism and/or the Volmer-Heyrovsky mechanism
can occur [51]. Uhlendorf et al. [52] demonstrated by impedance spectroscopy of GaAs

in contact with low pH electrolytes that the processes involving H" were kinetically
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controlled (limited by the provision of electrons from the semiconductor), and, there-
fore, responded at 60 mV /decade (of current). Although they observed a linear shift
of Uy, with Uy (bias potential) within the potential window, -1.5 < Upies S -0.5V,
it was attributed to changes in surface polarity, through changes in the surface dipole
moments. Within the potential range of -0.5 < Uyjps SO0V, Uy, proved to remain con-
stant.

Adsorption of Non-reacting Ions

Although, for some ions, the energetic distance between the valence band of GaAs and
the Fermi Energy of their redox couple does not favour charge transfer processes, their
adsorption on the surface can occur as a function of Uy;,s. They may be attracted by
charges of the surface states, semiconductor surface space-charge or even adhered by
specific adsorption. Consequently, the adsorption of such ions shifts the Uy, as a func-
tion Uy;,s and, thus, the interface current response to Uy;,s deviates from the nernstian
response, i.e. 60 mV/decade of current.

Irreversible Electrochemical Processes

When an interface is unstable and responds irreversibly to reversible changes of ex-
ternal control parameters, the electrochemistry is understood to be irreversible. This is
the situation of GaAs in contact with neutral (physiological) electrolytes [50]. In these
cases, the Gesischer & Marcus model [44] [53] of electron transfer (see Appendix A.2)
cannot model the interfacial currents as the interfacial conditions are undefined (den-
sity of sites available for electron transfer, Gibbs energy, band bending among others)
and the system may not have reached the thermodynamic equilibrium at a certain in-
stant. For these reasons, as soon as irreversible electrochemistry arises, interpreting
impedance outcomes in terms of the theory of reversible electrochemistry can be in-

correct.
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Principles of Electrochemical

Impedance Spectroscopy

4.1 Fundamental Principles

Impedance Spectroscopy (IS) is a well established technique, particularly in interfa-
cial electrochemistry. For example, in our particular GaAs/electrolyte system, the tech-
nique has been used to study the dynamics of the electron transfer involving different
ions [54], the H; formation [52], or even to elucidate different electrical properties of
the surface of GaAs, as introduced by Gersicher [44].

Besides these electrochemical issues, impedance spectroscopy has gained growing in-
terest in the field of Biophysics and Biosensing in recent years. In order to explore the
potential achievements of this technique in biophysics, substantial efforts have been
devoted to design and characterize appropriately the biophysical systems. Most of
them involve functional proteins, such as ions channels or specific adsorption on lipid
membranes which are deposited on solid supported planar electrodes [10] [55] [56] [57]
[58], or on field effect transistors [59].

The procedure to analyze the systems in IS are charted in the flow scheme of figure
4.1, as described by MacDonald [60]. In a IS measurement, the raw data is converted
into impedance values Z(w) which are later employed to be fitted with theoretical
impedance circuit models. Such circuit models are constructed out of equivalent circuit
elements (figure 4.2), that are associated to specific physical or chemical processes at a

general interface, as described in section 4.3.

Technically, the advantage of IS is that the measurement principle, the measuring setup,
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Figure 4.1: Flow chart depicting the procedure to analyze systems by impedance spec-
troscopy. The extracted spectra is processed to compute the impedance Ze.s(w). By
fitting Z,,eqs(w) with an equivalent circuit of impedance Zgc(w) allows the characteri-
zation of the system in physical and chemical terms.

the electrode preparation and the measurement automation is relatively simple. Addi-
tionally, the results after analyzing the IS allow an accurate insight to physical features
and processes occurring to the biological system, such as many material parameters
(dielectric constants and thicknesses, diffusion constants), as well as detecting mass
transport, rate of chemical reactions, microstructure and compositional influences on
the conductance of the liquids, ions, membranes or solids. Last but not least, IS is a non-
invasive and label-free technique, enabling the biophysical system under investigation

to be analyzed on its natural environment.

However, the technique also suffers from substantial disadvantages. Complications on
the analysis of the data arise from the inadequate interpretation and use of ideal electri-
cal elements, i.e. resistance and capacitors. Particularly in biomembrane or biological
systems, their structural inhomogeneities (space related) and dynamical instabilities
(time related) play a decisive role and the use of ideal circuit elements may induce
errors in the interpretation. To elucidate such instabilities, not only different non-ideal

circuit elements have been developed, but also new experimental setups are suggested.
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Section 4.2: Frequency Dispersion Impedance Spectra

For example, Wiegand [61], developed a novel impedance spectroscopy technique that
by Fast Impedance Spectroscopy (FIS) method, based on Fourier analysis, made possi-
ble the characterization of the dynamics of the systems with enhanced time resolution.

4.2 Frequency Dispersion Impedance Spectra

The complex electrical impedance Z(w), where w is the angular frequency, is defined
from the ratio between the Fourier-transform U(w) of the applied ac-voltage U(t), and

-~

the Fourier-transform I(w) of the current response I(t)

Z(w) = . (4.1)

The complex quantity Z(w) can be given in cartesian or in polar coordinates

Z(w) = Re[Z(w)] +i- Im[Z(w)] = Zo(w)e'?). (4.2)

There are two different major principles to obtain the impedance spectra Z(w). The
measurements can be performed either in the time domain or in the frequency domain.
The measurement in the time domain can be also called spectral analysis as the
ac perturbing signal is composed of a multitude of frequencies all applied simulta-
neously [60] [62] [63]. This measurement technique enables an enhanced time resolu-
tion, which is necessary to analyze highly dynamic processes such as the opening of
membrane channels [61] [64].

The frequency domain or harmonic measurement is the method that consists of applying
sinusoidal potentials of determined frequencies U(w) = Up(w) sin(wt) + Uy;ys OVer a
certain number of cycles, while simultaneously reading out the current
I(w) = Ip(w) sin(wt + ¢(w)) at the same frequency with a Lock-in amplifier. The polar
coordinates of the impedance at a particular frequency w are therefore
Zp(w) = Up(w)/Ip(w) and ¢(w). The entire spectrum is obtained after a sequential
frequency sweep over the desired frequency range. The perturbation amplitude Up(w)
should be small in order to keep the linear response of the system and large enough to
overcome the thermodynamic fluctuations. An oscillation amplitude of 10 mV accom-

plishes these conditions.
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Although acquiring the entire spectrum in the harmonic method may take long (nor-
mally from 3 to 10 min per spectrum) and it may not be adequate for fast time-resolved
experiments, this setup is particularly advantageous due to the use of the Lock-in am-
plifier technique. The Lock-in amplifier mixes the input signal of known frequency and
the outcomes of the measurement. By benefiting from the orthogonality of sinusoidal
functions, the amplitude and the phase of the outcomes at the frequency of the input
signal can be extracted in low Signal-to-Noise ratio readout signals. In this manner, by

exciting the electrode with U(w) at a fixed w, I(w) can be obtained.

In this work a typical impedance spectrum was taken with 5, 10 or 20 frequencies per
decade over a range between 100 kHz and 50 mHz. The obtained impedance spectra
were plotted either in the polar representation, the so-called Bode Plot, or by in cartesian
coordinates, known as Nyquist Plot, as described in 4.5.

4.3 Equivalent Circuit Models

One clear advantage of the IS as a tool to characterize physical and electrochemical
properties and processes of the system is the direct connection to an idealized electric

circuit model, which is compounded of series of elementary and discrete circuit elements.

Each circuit element can be demonstrated to be associated to particular electrochem-
ical process. The “electrical connections” with other circuit elements to an equivalent
circuit enables the characterization of the interfacial processes. This is achieved by fit-
ting the experimental impedance spectrum with the function Zgc(w) resulting from
the designed equivalent circuit model. Unfortunately, as all processes on the surface
cannot be modelled and resolved with the impedance methods described, the equiva-
lent circuit becomes a simplification of actual impedance response. In this context, the
designed circuit models are not imperatively unique, especially if the amount of circuit
elements becomes large. [60]

The connection of different circuit elements can be done in such a way that follows
Kirchoff’s first and second Law [60]. Thus, considering the impedance Z(w), a serial
connection of i elements Z;(w) results in an equivalent impedance Zgc(w) of
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and a parallel connection in,

1 1
Zpc(w) — ;m

The different circuit elements used throughout this work are presented in figure 4.2.
It is worth mentioning that resistances R and capacitances C are ideal circuit elements

because they assume lumped-constant quantities which involve ideal properties.

Nevertheless, biophysical systems may introduce some deviations due to mainly (i) the
structural inhomogeneities (ii) the finite permeability and (iii) the size restriction of the
biophysical system. That is why distributed elements are employed, such as the Warburg
element and the Constant Phase Element. Their interpretation is somewhat elusive
[60]. There are mainly two types of distributions which we will be concerned. The
first is associated to the non-local processes, such as diffusion, and occurs even though
the system is ideally homogeneous. And the second type arises because microscopic

materials are themselves inhomogeneously distributed.

As the minor processes underplaying the total impedance cannot be discriminated,
a careless simplification of the circuit models may lead to misinterpretation. Further-
more, one should notice that the characteristics of a growing complex equivalent cir-
cuit, especially when it is composed by a large number of circuit elements, the equiva-
lent circuit is not unique. Only the simplest circuits can be said to be unambiguous in

their description of the experimental data. [60]

4.3.1 Circuit Elements
Capacitance C

Ideal capacitors react to external potentials by distributing charges, reaching a current-
free stationary charge distribution on DC-voltages. On applied AC-voltages, the cur-
rent response i.(w) is shifted A¢ = -90° with respect to the applied voltage U(w). An-
alytically, a capacitor is defined by

o1 €€
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Impedance
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Constant Phase y
T Element (o) Zepp (@) = Ko

Figure 4.2: Summary of the different equivalent circuits elements used in this work.

where the second equality is the result for a planar capacitor. Here, €y is the dielectric
constant in vacuum, € the relative dielectric constant (e(water) = 80,
€(organic molecules) = 2.1 - 2.3 [65]), A the area of the capacitor and d the interplate
distance. The planar two-plate capacitor approximation is useful to account for the
Helmholtz layer or organic layers, where a clear boundary between the two ’plates’
exists. However, the last equality does not hold for the space-charge of a semicon-
ductor or the diffuse layer of the electrolytes, as distributed charge density affects the
potential profile. In these cases, C = do/9V needs to be computed. On section 4.5.1, the
analytical result for the depletion regime is shown.

In AC-voltages of frequency w, the resulting impedance element will be

where i = v/ —1 and w, the angular frequency.
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Resistance R

Resistance R reflects the ohmic behaviour of the interface. It includes all those "impe-
dance’ events that occur in phase (A¢ = 0) with the applied voltage perturbation U (w)
and that are not dependent on frequency. Thus, as part of the overall charge transfer
mechanisms, ohmic currents include those processes that are kinetically controlled (see

section 4.4). Its AC-impedance response is

Zr(w) =R (4.4)

Warburg Element W (o, w)

On diffusively controlled charge transfer, the real and imaginary part of the total impe-
dance Z relate as —Im(Z(w)) = Re(Z(w)). Here, the phase becomes A¢ = -45° and
frequency dependency of the total impedance grows with the power of -0.5 [60].

Although the Warburg element was originally introduced to account for the electron
transfer from bulk electrolyte to a semiconductor [66], subsequently it was used to
describe the diffusion of metals into electrodes [67]. These works motivated Finklea et
al. [68] to demonstrate that the Warburg element could also be applied to quantify the
diffusion of ions across thin layers. The Warburg impedance

Zw(w) = W(o) = <U+ (17) )

enables to extract the diffusion constant of the ions across the layer D, by

L 4RT 1
V2n2F2Ap D

which has the units of V/As!/2. In Eq. 4.5, A is the active electrode area, D the dif-
fusion constant, p the density of ions on the surface. The constants R, T, n, and F are

(4.5)

gas constant, absolute temperature, the charge of ions in the electrolyte, and Faraday

constant, respectively.

The Warburg element has a gradual dominant contribution to the total impedance as
the frequency is diminished. The higher the frequency is, the lower influence diffusion
forces have.
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Constant Phase Element

The Constant Phase Element (CPE) is an empirical impedance element that has proven
of considerable value in fitting experimental data. It takes into account the non-linear
and frequency dependencies induced by inhomogeneities appearing in real systems,
regardless of their physical origin [60] [69].

The Debye theory of dielectric constants is derived considering the existence of a single
relaxation time. However, at interfaces involving biophysical systems, such conditions
may not be sustained. The first to observe and accept the existence of distributed ma-
terial properties were Cole & Cole [70]. In their experiments with polar liquids and
organic solids they found deviations from the theoretical predictions of Debye [60],
originally developed for gases and diluted solutions. In order to explain their results,
they introduced a distribution of relaxation times T given by (iwT)*, and claimed that
the Debye theory had to be modified for condensed and concentrated system in such
a way. Other examples are the distribution of conductivity in polycrystalline materi-
als [60] or studies to account for the roughness of interfaces. Some later works on rough
surfaces proof that the contribution of CPE can be related to the fractal dimension of
the surface [71] [72] [73].

Analytically, the CPE impedance element has the following frequency response

ZCPE = Kw™™*. (46)

For ideal systems, the frequency exponent & = 0 and K = R corresponds to the ideal
resistor, « =1 and K = 1/C for the ideal capacitance and « = 0.5 for the ideal Warburg
impedance. Therefore, the deviations from the ideal values are attributed to inhomo-
geneities of the system, like defects or roughness. Since the CPE is just an empirical
element that improves significantly the quality of the fit, only a qualitative analysis
can be gained by using this approach.

4.4 Analysis of Impedance Spectra with Circuit Model

As an electrochemical electrode, the electrolyte-(insulator)-semiconductor system can
also be modelled by an equivalent circuit. However, caution must be taken, regarding

the interpretation of the each element to the actual system.
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From the discussion in sections 3.2.1 and A.2, the ac impedance phenomena of the in-
terface must be compounded of the sum of a faradaic currents iy (currents across the
interface) and capacitive (charging) currents i.. Supposing that the system is in ther-
modynamic equilibrium, i.e. with small enough ac amplitudes slightly above kpT, if
and i, currents are understood to be occurring in parallel. That is why the associated
impedances, Z¢ and Cp, representing the impedance elements corresponding to cur-
rents iy and i, respectively, are connected in parallel as shown in figure 4.2. In this

case, R; is the ohmic resistance associated to the bulk electrolyte.

Cp
| |
. | |
S Er——
—— lc
A 7
i+ i f
o
| I— |

Figure 4.3: Simplified equivalent circuit model that represents electrolyte/electrode in-
terface. Rs refers to the electrolyte ohmic resistance, C, is the total interface capaci-
tance responsible for capacitive currents (ic) and Z is resistive element accounting for
faradaic currents (iy).

As the faradaic currents may stem from very complex physical phenomena, they are,
in general, frequency dependent. Thus, the attributed impedance element is generally
assigned as Zy. Faradaic currents are the result of processes that must involve charge
transfer across the interface between ion species of the electrolyte and the solid. There-
fore, processes such as ion diffusion, multistep charge transfer or adsorption of reac-

tants can also contribute to the final impedance Z;.

To achieve electron (charge) transfer across a semiconductor/electrolyte interface, (i)
carriers (electrons or holes) should be available at the solid surface and (ii) the elec-
trolyte ions should be at a sufficient distance from the surface (adsorption). Once a
charge transfer reaction occurs, which may involve single or multiple ions, the prod-

uct ions may or may not desorb.

Charge transfer on semiconductor interfaces (see Appendix A.2) is more complex than
on metal interfaces. The density of electrons and holes on the bands or the density of
surface states depends on the external potential, and can therefore affect the rate of
electron transfer [74]. Henz and Gomes [75] demonstrated analytically that, despite
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the material differences with metals, the equivalent circuit of figure 4.3 can also be
applied to account for the electrochemical impedance at the semiconductor/electrolyte

interface.

Kinetically . Diffusion
controlled controlled

decreasing ®

_—

-Im(2)

Figure 4.4: Scheme of an impedance spectrum plotted in Nyquist representation. Two
different interfacial faradaic processes are clearly distinguished. The kinetically con-
trolled processes can be modelled with an ohmic resistance, while the diffusion con-

trolled faradaic processes with a Warburg resistance. Here, R; is electrolyte resistance,

R, total interface resistance and w; = 2& = 2% The angular frequency w- represents
p T — RC & q y P

the frequency above which the capacitance of the equivalent circuit dominates over the
ohmic resistance, and below which ohmic resistance dominates over the capacitance.

Because the interfacial electron transfer involves different steps, two limiting situations
can be distinguished: the kinetically controlled and the diffusion controlled processes.
Two classical examples carried out by Sluyters and Oomen [76] show the difference
and their influence to the impedance spectrum. In brief, in a diffusively controlled pro-
cess, the rate of ion adsorption is slower than the rate of electron transfer and, there-
fore, it limits the speed of the overall charge transfer. The other limiting case, kinetically

controlled processes are limited by the rate of electron transfer.

To each of such processes an equivalent electrical circuit element can be attributed. For
the kinetically controlled processes an ohmic resistance accounts for the impedance
response, while for diffusively controlled process, the Warburg element. Figure 4.4 de-
picts the impedance spectrum (Nyquist plot) of a realistic system where kinetic and
diffusive controlled processes coexist. In this case, Z f is composed of a serial connec-
tion of an Ohmic resistance and a Warburg resistance.
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4.5 Requirements for Biosensor Applications

4.5.1 Capacitive Sensing of Surface Potentials

The surface electronic structure of semiconductor materials (i.e. majority carriers dis-
tribution) can be modified by the surface potential, 1s. Depending on the strength
of s, different space-charge regimes arise (see section 3.1.1). That is why, the associ-
ated space-charge capacitance depends on the voltage applied, giving rise to different
Csc vs s relations, so-called differential capacitance. For the depletion regime, the

differential capacitance can be analytically calculated and results in [37]

dos €€ Z—g (1 — e P¥s) + P
Mo V2 [I3 (P By —1) +eP— B —1

Csc(ys) = 4.7)

Here d,, = y/€€g/ePny is the Debye length and B = e/kT, € the permittivity of the
semiconductor (€% = 13.1), €y the permittivity of vacuum, e the elementary charge, k
the Boltzmann constant and T the temperature. 1y refers to the electron carrier density

and pg the hole carrier density in bulk semiconductor.

In an electrolyte-semiconductor contact, the electrolyte Helmholtz capacitance (Cp),
double-layer capacitance (Cpr), the insulator capacitance (C;) and the space charge
capacitance (Cgc) are connected in series. Therefore, the dominant capacitances of in-

terface are the smaller ones of the series.

Figure 4.5 * is the result of a simulation of an electrolyte/insulator/semiconductor sys-
tem, in which the differential capacitance normalized to an insulator capacitance C; is
plotted against the surface potential 5. The three space-charge regimes are depicted.
Clearly, the sensitivity of the space-charge capacitance to changes of surface poten-
tials is optimal when the semiconductor is at the inversion regime. However, in the
inversion regime the potential window is narrow and the relation between Cgc and
Yo is approximate. It is because, in the inversion regime, the minority carriers of the
bulk semiconductor become majority on the surface. In this case, the Boltzmann ap-
proximation accounting for the density of carriers provided by the dopands may fail.
These difficulties do not arise at the depletion regime. There, the Mott-Schottky rela-
tion (1/ C%C Vs 1) is linear and a direct correlation between the surface potential and

“The figure is extracted from Heiko Hillebrandt’s doctoral thesis [77], who kindly offered it to be
shown here for better argumentation.
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Figure 4.5: Normalized capacitance of a EIS system plotted as a function of semicon-
ductor surface potential (¢f5). C; is the insulator capacitance. The three different space-
charge regimes show different capacitive sensitivities to changes of surface potentials.

the flat band potential of the semiconductor is possible.

In an electrolyte-(several layers)-semiconductor contact, the space-charge capacitance
may not be detectable in general. To experimentally confirm that Cgc is traced, it is
convenient to perform a Mott-Schottky analysis (1/ C]% vs Upss), where C, is the total
interface capacitance. Note that, the relation between C, and Csc depends on the de-
sign of the equivalent circuit. If 1/ Céc vs Uyiys is linear and the extracted doping ratio
(equation 3.2 of page 20) matches with the doping ratio of the semiconductor measured
by independent methods, like Hall Measurements, the calculated Csc corresponds to
the actual space-charge capacitance. Additionally, the semiconductor is ensured to be
operated at the depletion regime. This is a key issue because under these conditions,
as surface charges and dipoles induce changes in surface potential, the measurement
of the space-charge capacitance enables to sense electrical changes occurring at the

electrolyte-(several layers)-semiconductor contacts.
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4.5.2 Identification of Different Electrochemical Layers

The presence of additional layers on the surface aggregates to the total interface impe-
dance. The circuit elements presented above (section 4.4) and new ones (if an associa-
tion to a particular physical phenomenon is possible) can be combined to an equivalent

circuit representative of distinct interfacial processes.

To show the importance of performing impedance spectroscopy in a wide frequency
range, figure 4.6 is elaborated. It models three different cases and it depicts the ab-
solute impedance (above plots) and the phase (bottom plots) of the total impedance
in the Bode representation. The black curves correspond to a simple electrolyte/insu-
lator /semiconductor interface of total capacitance Cp =2 pF and total ohmic resistance
Ry =10° Q) of a sample of 1 cm? of surface area (Model A). Subsequently, an additional
layer is deposited on top of this surface. Two cases are differentiated. The first case (red
dashed curve) corresponds to a layer with capacitance C;;, = 1 pF and high ohmic re-
sistance, Ry, = 10° Q) (Model B). The second case (blue dash-dotted curve) corresponds

1/2

to a layer with diffusive barrier properties (Warburg resistance) o = 10* V/As!/? and a

capacitance of C;; = 1 pF (Model C).

Clearly, the different layers can be distinguished when the entire frequency spectrum
is obtained. In fact, if the impedance spectrum were taken between 10 Hz and 100 Hz,
the distinction between the cases of Model B and Model C would be difficult. Besides,
in this narrow frequency window, the quantification of the circuit elements by apply-
ing equivalent circuits can be erratic, as different equivalent circuits could also fit the
observations. Consequently, broadening the frequency range enables not only the dis-
tinction of different electrochemical layers, but also quantification of the (bio)physical
processes once fitting the experimental data with the appropriately designed equiva-

lent circuit models.
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Figure 4.6: Simulated impedance spectra (Bode plots) based on circuit models. Model A
represents an electrolyte/insulator/semiconductor (EIS) interface of 1 cm? of surface
area and R = 10 Q) and Cp =2 pF (black continuous line). Model B adds an additional
layer of resistance R, = 10° Q and capacitance C,, = 1 pF (red dashed curve). Model C
adds a diffusive layer of o = 10° V/As!/? and capacitance C,, = 1 uF on the EIS system
(blue dashed-dotted curve). It is necessary to perform impedance spectroscopy over a
wide frequency window to distinguish the different electrochemical layers.
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Chapter 5

pH Sensitivity of Bulk GaAs coated
with CH3;-MBP Monolayers

There are several physical and chemical processes that can lead a surface to be electri-
cally charged as a consequence of aqueous ions. A common charging mechanism on
surfaces in contact with aqueous electrolytes is the protination or deprotination of sur-
face atoms or molecules, usually involving -OH radical groups [78]. In this context, the
protination-deprotination equilibrium is controlled by the pH of the electrolyte [79].

In this chapter, the response of GaAs surfaces coated with CH3-MBP monolayers to
electrolyte pH is investigated. CH3-MBP molecules cannot undergo the protination-
deprotination reaction as CH3- group and the phenyl rings of the molecule are stable
over a wide pH range. In the first part, impedance spectroscopy on bulk GaAs elec-
trodes is exploited towards quantifying the pH sensitivity and elucidating the charg-
ing mechanism. Impedance spectroscopy (see chapter 4) is a valuable tool to analyze
interfacial processes in physical and chemical terms. In the second part, AlIGaAs/GaAs
2-Dimensional-Electron-Gas (2DEG) devices functionalized with CH3-MBP monolay-
ers, which are designed to be sensitive to changes of surface potentials, are also ex-
ploited in order to provide independent observations of the pH sensitivity and sup-

porting arguments for the charging mechanism.

41



Chapter 5: pH Sensitivity of Bulk GaAs coated with CH3-MBP Monolayers

5.1 Impedance Spectroscopy on Bulk GaAs Electrodes

5.1.1 Functionalized GaAs Electrodes: Modelling of Impedance
Spectra

Prior to the potential /pH scans, the electrochemical stability of the GaAs sample coated
with CH3-MBP monolayers was firstly confirmed by monitoring the impedance spec-
tra at the current minimum potential Upss j—0 = - 350 mV (vs. Ag/AgCl) over a period
longer than 30 min. A typical spectrum is depicted on figure 5.2 in the Bode repre-
sentation. From the experience we gained with the same system, such stability can be
sustained up to 20 hours, as demonstrated by Adlkofer et al. [26]. To obtain the fre-
quency dispersion of the electrochemical response, the impedance spectra are taken
over a wide frequency window, from 100 kHz to 50 mHz. Throughout this study, the
interface was exposed from neutral to acidic pH conditions, as irreversible degrada-
tion of the GaAs surface can readily occur at the local defects under basic pH condi-
tions [48]. After the completion of the experiments, the sample was again investigated
at the initial condition in order to ensure the electrochemical stability of the sample as

well as the reproducibility of the experimental data.

Coc
Model A " Il Model B
CGS 11 Co
R, I_ Css R Rs ”
— e — R, [
Rp ]
1

Figure 5.1: The elementary equivalent circuits employed to fit the impedance spec-
troscopy results. Model A includes all different contributions to the Electrolyte-
(Insulator)-Semiconductor interface impedance. Ccgg represents the Chapman-Gouy-
Stern (CGS) capacitance, Cgg the capacitance and Rgg the resistance of the surface states
(SS), Csc the capacitance of the space-Charge (SC), Rs the electrolyte resistance and R,
the total interface resistance. Model B is justified to be the resulting approximated cir-
cuit for Model A of the Electrolyte/CH3-MBP/GaAs interface. Here, Ry accounts for
the total interface resistance and C, the total interface capacitance.

In general, the GaAs/electrolyte interface can be represented by the equivalent circuit
model proposed by Allongue et al. (Model A in Chart 5.1) [43] [80]. The serial resistance
Rs corresponds to the Ohmic behaviour of the electrolytes and/or electrical contacts,
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Figure 5.2:  Impedance
spectrum (Bode Plot) of
GaAs electrode coated
with CHj3-MBP mono-
layer in contact with
electrolyte. The experi-
mental data ([J) could
be fitted with Model B
(red continuous curve)
2= of figure 5.1 yielding the
interface resistance and
capacitance. Model B
10" 10 10" 10° 10 10 10 fits the entire spectrum
Frequency [Hz] within 1% of error.
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and the parallel resistance R is attributed to the Ohmic behaviour of the interface. Css
and Rgg denote the capacitance and resistance, respectively, of the surface states. Cgc is
the capacitance of the semiconductor space charge region, and Ccgg is the capacitance
of the Chapmann-Gouy-Stern (CGS) layer.

For our experimental system, we can simplify the model step by step as following. As
discussed in detail on section 3.1.3 and also by Adlkofer et al. [81], the contributions of
the surface states to the interface capacitance, Cgsg, are not detectable if Css/Csc < 0.1
[43]. Such argument is further supported by the fact that Adlkofer et al [24] attributed
the enhancement of photoluminiscence of X-terminated mercapto-biphenyls on GaAs
to the sensible reduction of density of surface states, as the capacitance of the surface
states scales almost linearly with density of surface states, see 3.1.3 and [44]. As Rgg

cannot be separated from the measurements, it is included into Ry.

The capacitance of the Chapman-Gouy-Stern Ccggs can be described as a serial con-
nection of the Helmholtz layer capacitance Cy and the capacitance of the diffuse layer

Caiff,

CuCaifs

Cegs = ———d)
ces = ¢, + Cairr

Typically, Cyy ~ 140 pFem =2 and Cy; =09 Fem 2.

Consequently, the impedance spectra can be analyzed according to the simplified equiv-
alent circuit Model B in Chart 5.1, instead of Model A. Here Cp stands for the com-
bined capacitance of the interface, and it is the serial connection of the capacitance
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Figure 5.3: Impedance spectra of GaAs coated with a CH3-MBP monolayer in contact
with 10mM phosphate buffered saline (PBS, pH = 3.1), measured at around the current
minimum potential Up;gs j—o = - 350mV (vs. Ag/AgCl). The symbols correspond to the
measured data points, while the line to the fit with Model B (see Chart 5.1). No clear
sign of diffusion of ions across the CH3-MBP monolayer could be observed within the
measured frequency range (from f = 100 kHz to 50 mHz), suggesting that the CH3-MBP
monolayer can be treated as an insulator. In fact, the constant phase element (Model C,
in Chart 5.4) at f = 1 kHz ~ 5 Hz was found to be a = 0.96, which is close to that of an
ideal capacitor a = 1.0.

of the Space Charge, Csc of about 1 - 2 nFem 2 and the capacitance of a monolayer
Csam =~ 0.5 pFem 2. In fact, the interface capacitance of the freshly etched GaAs,
C, = 2.0 pFem ™2, agrees reasonably well with the space charge capacitance of GaAs
with a comparable carrier density (2 x 10" ecm=3), Csc ~ 1.7 uFem—2 [52]. The result
of fitting with Model B on a typical impedance spectrum is depicted in Bode represen-
tation on figure 5.2 by the red continuous lines.

5.1.2 Response to Bias Potential Sweeps

In Figure 5.3, impedance spectra of GaAs coated with CH3-MBP monolayer in con-
tact with 10 mM PBS at pH = 3.1 are presented in the form of Nyquist represen-

44



Section 5.1: Impedance Spectroscopy on Bulk GaAs Electrodes

tation. Here, —Z" is plotted against Z’, where Z' and Z" are the real and complex
part of the complex impedance, Z(w). The symbols correspond to the data points
measured at their particular frequency (not explicitly marked) and bias potentials of
Upizs = -450 ~ - 250 mV. The continuous lines are the fitting curves with the Model B
of Chart 5.1.

As can be seen from the figure, all the spectra show excellent agreements with the ideal
circuit model, Model B, within the measured frequency windows with fitting errors
< =£ 2 %. To further understand the nonlinear frequency dispersion of the measured
impedance, the total interface capacitance C;, can be replaced to a Constant Phase Ele-
ment, CPE, which is parameterized by a frequency exponent « (0 < a < 1), see section
4.4. The CPE element represents information about inhomogeneities at the interface of
any kind, regardless of its exact physical origin [60]. In brief: « = 1 represents a pure
capacitor, « = 0.5 a Warburg element and « = 0 a pure resistor.

Model C K o Model D C
R, CPE R, I
—_——F+— g — —+— —

R o
— L

Figure 5.4: Advanced circuit models employed to analyze the electrolyte/CHs-
MBP/GaAs interface. Model C includes the constant phase element (CPE) usually em-
ployed to account for inhomogeneities of the surface. Model C adds Warburg resistance
W(0) to track the diffusion of ions species across the self-assembled monolayer.

— T

The impedance data are dominated by the interface capacitance from 200 to 1 Hz,
which can be determined by the measured phase shift. Within this frequency regime,
the CPE exponent values calculated for all the measured spectra are a« = 0.95 £ 0.01.
On the other hand, the impedance data below 200 mHz exhibit no deviation from
the ideal resistor. The frequency exponent obtained by replacing R, to CPE remains
« =0, Fig 5.4. Thus, the obtained results clearly indicate that it is reasonable to treat the
CHj3-MBP monolayer as an ideal RC element, i.e. Model B.

In Fig. 5.5, the calculated 1/ C;% is plotted versus the bias potential, Uy;,s (Mott-Schottky
plot). Here, it should still be noted that the combined interface capacitance Cp is taken,
since the frequency range at which the impedance spectra are dominated by Csc over-
laps to the range dominated by the monolayer capacitance Cy, .

The linear fit 1/ C% vs Uy, yields the doping ratio of n = 3.0 x 10'® em~3, which

agrees well with that of a bare GaAs sample obtained from an independent Hall mea-
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Figure 5.5: Mott-Schottky plot (1/ C;% vs. Upzs ) extracted from the results presented in
Fig. 5.3. The plot is almost linear within the measured potential range, and the doping
ratio obtained from the slope, n(Mott) = - 3 x 10'8 cm~3, agrees well with that ob-
tained by Hall measurements, n(Hall) = - 2.23 x 10'8 cm~3. The linear extrapolation
to1/ C% = 0 yields the flat band potential of Uy, = - 910 mV. Although electrochemical
measurements at a wider potential range are not possible due to the intrinsic instability
of GaAs in aqueous electrolytes, the obtained value is comparable to that of GaAs with
an alkanethiol monolayer.

surement, n(Hall) = 2.2 x 108 cm™3 (see 3.1.2). The intercept with the x-axis by the
extrapolation of the plot to 1/ Cf, = 0 yields the corresponding flat-band potential,
Uy =-910 mV. Despite of the difficulty to carry out electrochemical measurements at
a wider potential range due to the intrinsic instability of GaAs in aqueous electrolytes,
the obtained value is comparable to that of GaAs with an alkanethiol monolayer, Uy,
= - 850 mV [81], obtained by the same extrapolation. In fact, although the calculated
Cp consists of both Csc and Cy, , a systematic dependence of the C, on the bias po-
tential could also be observed at pH = 6.8. The obtained results clearly indicate that
GaAs functionalized with a CH3-MBP monolayer is operated at the depletion regime
at the current minimum potential (Upizs,j—0 = - 350 mV), which can further be used for

capacitive sensing of the change in surface potentials.

Figure 5.6 represents the interface resistance R, calculated from the measured impe-
dance spectra at bias potentials Up;,s = - 450 ~ - 250 mV, plotted as a function of time
and at two extreme pH conditions (3.1 and 6.8).

In contact with acidic electrolyte (pH = 3.1), R, exhibited a stepwise increase of
AR, =0.64 MQ cm? with each voltage step of Aly,,; = 50 mV, which remains constant
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Figure 5.6: Interface resistance R, obtained from Model B (Chart 5.1) plotted as a func-
tion of time. The impedance spectra are reproducible at each potential during succes-
sive three impedance measurements, confirming the electrochemical stability of GaAs
with a CH3-MBP monolayer in both acidic (pH = 3.1) and neutral (pH = 6.8) elec-
trolytes.

during three successive impedance measurements (~ 30 min). At pH = 6.8, the absolute
Ry, values clearly differ from the corresponding values at pH = 3.1, however, the width
of the stepwise increase in the resistance at each voltage step of
AlUy;zs = 50 mV remains constant, AR, = 0.64 MQ) cm?. At pH = 6.8, the interface
resistance shows a drift at Uy, = - 250 mV, suggesting the anodic oxidation of the
GaAs surface. From the latter Figure, not only is R, demonstrated to be sensitive to
changes of Uy, , but also over a period of 8 hours of the experiment, R, showed no

symptoms of degradation.

5.1.3 Response to Electrolyte pH

As shown in Figure 5.6, at a fixed Uy;,s , Ry exhibit two different values at the different
pH. For example, at Up,,s = - 450 mV, the resistance at pH = 6.8 (R, = 1.3 MQ) cm?)
is about as twice as large as that at pH = 3.1 (R, = 0.6 MQ cm?). This finding sug-
gests a possibility that the GaAs functionalized with a CH3-MBP monolayer might be
sensitive to the change in the electrolyte pH.

To verify this hypothesis, the impedance spectra under various pH conditions were
measured, while fixing the bias potential constant at Up;ss j—o = - 350 mV. To be sure that
the electrolyte passed the flow chamber was unchanged, the pH value of the electrolyte
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Figure 5.7: Impedance spectra of GaAs coated with a CH3-MBP monolayer measured
under pH titration from 2.0 to 6.8 in the Nyquist form. Here, the bias potential was set
constant, Up;ss j— = - 350 mV. The impedance spectrum at pH = 2.00 was reproducible
after the titration. All the impedance data can be well fitted with Model B (Chart 5.1)

at the outlet from the electrochemical cell was checked, showing a deviation from the
pH at the inlet of less than + 0.1. As presented in Figure 5.7, the impedance spectra
show also a clear dependence on the pH conditions. The fitting with Model B of Chart
5.1 (continuous lines of Fig. 5.7) indicate that interface resistance R, systematically

increases with increasing pH.

Figure 5.8 shows the relationship between the absolute interface resistance R, and the
bias potential, Uy;,s , measured in acidic (pH = 3.1, squares) and neutral (pH = 6.8,
circles) electrolytes. As given by solid lines in the figure, despite of the difference in
absolute R, values, both sets of data exhibit an identical linear dependence with a slope
of 12.8 4+ 0.5 Qcm?V L. Although it is not plotted, the same slope can be obtained from
the other experiments at pH = 2.0, 3.8, 4.5 and 6.0. This proves the systematic increase
in the absolute R, value with increasing pH.

The observed "parallel” shift in the linear relationship between R, and Uy;,s suggests
that there is a certain relationship between R, and pH. Certainly, if one chooses one
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Figure 5.8: The interface resistance R, plotted as a function of the bias potential. R,
scales linearly with the bias potential in both acidic (pH = 3.1) and neutral (pH = 6.8)
electrolytes. The slopes at other pH conditions were found to be almost identical be-
tween pH = 2.0 and 6.8 (some data not show in the figure), 1.28 x 10* Qcm?mV~!,
suggesting the linear relationship between Ry, and Uy -
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Figure 5.9: The linear relationship between R, and pH at Uy j—o = - 350mV, obtained
from the same series of experiments presented in Fig. 5.7. From the slope of the plot,
4.55 x 10° Qcm?pH !, the "pH sensitivity’ of GaAs coated with a CH3-MBP monolayer
can be estimated to be 35 mVpH .
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bias potential (Up;,s = - 350 mV) and plots R, as a function of pH, a linear relationship
between R, and pH can be observed, Figure 5.9. The slope of this plot (the solid line)
yields 4.55 x 10° Qcm?pH~!, which is identical for the other bias conditions (data not

shown).

From the relationships found for Ry, vs Uy , Fig. 5.8, and R, vs pH, Fig. 5.9, one
can obtain a linear relationship between the bias potential Uy,,; and pH. Its slope is
35 + 3 mVpH . It should be noted that the experimental results can be reproduced
by several pH and potential cycles (time scale of > 12 h).
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Figure 5.10: The linear relationship between 1/ C%, vs pH. Together with the linear rela-
tionship found between 1/ C% vs. Upiss (Fig. 5.5), one can extrapolate the pH sensitivity
from capacitance measurements to be 32 - 3 mVpH ..

Furthermore, a linear relationship 1/ C% vs Up;zs can be found at various pH conditions
between 3.1 and 6.8. In Figure 5.10 shows the linear relationship found 1/ Cf, vs pH
at Uy;,s = -350 mV. The linearity of the relationship, suggests, once more, that changes
on pH alters the surface potential of the interface. A linear fit on this data yields a
slope of 5.25 x 10! (Fem~2)~2pH~!. From the slopes of 1/ C;% vs Up;zs (Fig. 5.5) and
1/ C% vs pH (Fig. 5.10), a sensitivity of 32 + 3 mVpH ! is derived.

The slightly lower sensitivity and larger errors of the capacitive sensing in comparison
to the resistive is attributed to the fact that C, includes the contribution of both the
semiconductor space charge capacitance Csc and the insulating biphenylthiol mono-

layers capacitance Cy;, which lie in the same order of magnitude.
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5.1.4 Mechanism of the pH Sensitivity

The previous observations provided with evidences that the pH of the electrolyte influ-
ences the surface potential of the surface of GaAs coated with CH3-MBP monolayer. To
understand the mechanism of the pH sensing several possible scenarios are discussed
in the following subsections.

(i) Influence of the Ionic Strength

A possibility to the origin of such changes of surface potentials is the influence of the
supporting salts, in particular the buffering ones. The Henderson-Hasselbach equa-
tion, eq 2.1, shows the influence of the pH to ionic strength of the electrolyte. In preven-
tion to this effect, the supporting electrolyte was designed in such a way to minimize
the changes of ionic strength due to pH changes by dissolving 10 mM PBS and 100 mM
NaCl.

The change in the osmolarity by pH titration was checked by an osmometer. Within the
pH range of 2-7, the osmolarity of the electrolyte remained to
0.25 £ 0.03 Osm/kg. Such changes were negligible to explain the pH sensitivity ob-
servations. Furthermore, in contrast to its linear dependence to pH, the dependence of
the interface resistance R, on the ionic strength, i.e. concentration of NaCl, was found
to be negligible between 1 and 500mM of NaCl (data not shown). This result seems
plausible since the space charge in the electrolyte becomes a delta function distribu-
tion near the surface at high salt concentrations. [82]

(ii) Diffusion of Ions across the CH3-MBP Monolayer

Another possible reason to account for such changes in the interface resistance is the

change in the permeability of the monolayer against H or OH ™ ions under pH changes.
For example, the permeation coefficients of HT or OH™ ions across hydrocarbon chains,
such as the permeation across a lipid bilayer membrane, is in the order of 1078 ms™!
that is about six orders of magnitudes larger than the corresponding values of other

inorganic ions, such as Na™, Ca?", etc. [65]

To verify this possibility, another equivalent circuit model was taken, Model D in Chart
5.4, that takes the diffusion of the ions across the monolayer into account. This model
includes the so called Warburg impedance which was originally used to describe the
electron transfer from a bulk electrolyte to an electrode. [66] Although the application
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Figure 5.11: Schematic representation of the different charging scenarios discussed in
this chapter.

of Warburg impedance for the diffusion across a layer with a finite thickness is based
on an approximation that the distance between the diffusion pathways is small enough
for an overlap of their spherical diffusion layers, this model has served well to describe
the diffusion of ions across other organic monolayers on metal [68] and semiconductor

electrodes [83]. The Warburg impedance W (o) is represented by

1
W(w) = (0+ E) w2 (5.1)
where w is the angular frequency and ¢ the Warburg parameter *
4RT 1
5.2)

g =
V22 F2Ap D

A is the active electrode area, D is the diffusion constant of the ions, and p is their
concentration at the interface. The constants R,T, n, and F are gas constant, absolute
temperature, the charge of ions in the electrolyte, and Faraday constant, respectively.

*Please note not to confuse between o (Warburg parameter) and ¢;, which employed to designate the
surface charge density.
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All o values calculated from the impedance data presented in Figure 5.7 are
>100 Qsl/2, Assuming that p equals to the concentration in bulk,
D < 1073 - 10~* pm?s~! which is much smaller than the values reported for organic

monolayers with defects, D > 1072 ypm?s~ L.

Besides, such a small diffusion term shows no influence on the quality of the fit. It sug-
gests that the influence of the change in permeation or diffusion H* or OH™ according
to the pH change is negligible. In fact, when we replace the circuit model to Model C
including a CPE, the frequency exponent a at the window between f = 200 and 1 Hz
is always above 0.95 & 0.01. This is clearly different from the exponent corresponding
to the diffusion barrier described by the Warburg element, a = 0.5, and, as previously
argued, suggests that the monolayer can be represented as a parallel connection of an
ideal resistor and an ideal capacitor. This argument is further supported by the very
high electric resistance of the GaAs coated with an organic monolayer of about 1 nm
thick, R, = 10° - 10° Qcm?. Thus, we conclude that the change in the absolute R, values
upon pH titration cannot be explained in terms of the difference in permeation of H*
or OH™ ions across the CH3-MBP monolayer.

(iii) Site-Binding Model

The third possible scenario is the reaction of oxide corresponding to local defects with
H™ or OH™ ions, which can be treated with the ”site binding” theory [78]. The oxide
locally expressed on the surface acts as the binding sites for H™ or OH ™ ions. The equi-
librium between the “occupied” and “free” sites by the protonation and deprotonation
of the oxide determines the surface potential (y9). As expressed within the framework
of the theory for highly reacting sites (qio/kT < ), the sensitivity equation is given

by

k
o = 2.303%% (pHpze — pH) (5.3)

_ 2¢°NsyK,K,

= 54
p kgTCccs 64)

where pHpzc is the pH at the point of zero charge, Ng the number density of binding
sites (in this case, -OH groups), g the electron charge, and Ccgs the double-layer ca-
pacitance. K, and K, are the equilibrium constants of A — OH = A-O~ + H' and
A—OH + H" = A — OH, for a given surface A. Qualitatively, the larger f value
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means that the surface is highly reactive. To obtain g of GaAs experimentally, the
pH sensitivity measurement on bare (freshly etched) GaAs was carried out. Initially,
impedance spectra showed irreversible drifts. After some hours, the response to pH
changes came closer to 60 mV/pH. As reported for GaAs with an inorganic oxide
layer [48], as soon as the adsorption rate dominates the entire adsorption-desorption
process of charging, the sensitivity should result in 60 mV /pH [79]. Thus, considering
that the reactivity of the defects is the same as that of bulk electrodes, the observed
sensitivity of 35 mV/pH could not be explained with the Model. It should be noted
that neither K, Kj, nor N; values are known for bare GaAs in aqueous electrolytes due
to the complex electrochemistry of GaAs/Electrolyte interfaces.

Although this scenario cannot be completely excluded to account for our experimental
results, the reproducibility of the measurements ensured that the process is reversible
within our experimental conditions, in contrast to irreversible drifts observed for bare
GaAs.

(iv) Hydoxide Ions Adsorption on the Hydrophobic CH3-MBP Monolayer

The last scenario is the adsorption of OH™ ions on the CH3-MBP self-assembled mono-
layer (hydrophobic headgroup). Previously, Marinova et al. [84] measured the elec-
trophoretic mobility of oil droplets, and suggested, after considering diverse possible
charging mechanisms, that the charging mechanism was caused by the adsorption of
OH™ ions at the oil/water interface. More recently, Schweiss et al. [85] and Chan et
al. [86] used a micro-slit electrokinetic setup to measure simultaneously the streaming
potential and streaming current to determine the {-potentials of gold substrates coated
with methoxytri(ethylene-glycol)(EG3OMe)-terminated alkanethiols. From their ob-
servations, the suggested mechanism responsible for their negative (-potential was
also the adsorption of OH™ ions at the interface. Furthermore, numerical simulations
by Density Functional Theory (DFT) on self-assembled monolayers of PEG-terminated
alkanes (hydrophobic) show the preferential adsorption of OH™ ions at the PEG/ elec-
trolyte interface [87]. Although the quantitative separation of the surface resistance
and the bulk resistance is impossible for our system, the measurement of the isoelec-
tric point seems to agree well with the one reported for Au with alkanthiol monolayers
(pI ~ 4) [85].

More recently, the spontaneous adsorption of OH™ ions on a "hydrophobic surface’/water
interface was demonstrated by Molecular Dynamics simulations. The phenomenology
relies on the following. On a hydrophobic/water interface, the impossibility of inter-
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tacial water molecules to form hydrogen bonds with the hydrophobic surface forces
them to acquire a preferential orientation towards their neighbouring water molecules.
Owing to the high polarity of the water molecule, this interfacial water structure gen-
erates an electrical potential profile within the first layers that favourably attracts and,
therefore, enhances the adsorption of OH™ ions [88].
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5.2 pH Sensitivity of Two-Dimensional-Electron-Gas (2DEG)
Devices Functionalized with CH;-MBP Monolayers

2DEG (2-Dimensional-Electron-Gas) devices based on AlGaAs/GaAs heterostructures
were fabricated at the laboratory of Prof. G. Abstreiter (Walter Schottky Institute, Tech-
nische Universitdt Miinchen). The experimental results presented in this section have
been obtained under collaboration with S. Luber of WSI.

The aim of the experiment was to provide an independent evidence for the pH sen-
sitivity observed by impedance spectroscopy. To achieve this goal, the 2DEG devices
needed to (i) be functionalized with CH3-MBP monolayers, (ii) be stable in contact with
aqueous electrolytes and (iii) offer enough sensitivity to measure changes of pH/surface
potentials. This section begins with the study of the stability of 2DEG devices of differ-
ent coatings and follows with the pH sensitive measurements of 2DEG devices func-
tionalized with CH3-MBP monolayers. Further results concerning the measurements
on sensing salt concentration on 2DEG devices coated with CH3-MBP monolayers are
presented in Appendix A 4.

5.2.1 Stability of Functionalized 2DEG Devices

Before any pH sensitive and stability measurements, the experimental conditions that
minimized the electrochemical dissolution of GaAs at the surface of the device were
found. A relevant parameter to account for the interfacial current transport is the leak-
age current (= counter electrode current). For 2DEG devices coated with CH3-MBP
monolayers in contact with electrolytes at pH = 7 (the most electrochemically degrad-
able conditions in our experiment), the external bias potential that minimized the leak-
age currents was Uy;,;s = -400 mV. This result is consistent with the current minimum
potential observed in bulk GaAs electrodes coated with CH3-MBP monolayers, which
resulted in Uy;,s = -350 mV (see section 5.1.1). The difference in 50 mV is attributed to
the difference in band bending between both devices. The cap layer of the 2DEG de-
vices was compounded of an undoped GaAs layer whereas bulk GaAs electrodes used
for impedance spectroscopy were highly doped.

The stability of the 2DEG device was checked by recording the sheet resistance Ry, as a
function of time at the (leakage) current minimum potential. Ry, is the resistance of the
2DEG layer, which, in our configuration, is sensitive to changes of surface potentials
and Up;,s (see section 2.1.2 for operational details).
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Figure 5.12 shows the time evolution of Ry, when 2DEG devices of different surface
coatings were put in contact with electrolytes at pH = 7. For freshly etched surfaces
(green data), the 2DEG device did not stabilize from the moment it was put in contact
with the electrolyte. The result is consistent with the fact that bare GaAs undergoes an
irreversible electrochemical decomposition in contact with aqueous electrolytes of neu-
tral pH. In contrast, the functionalization of the surface of the 2DEG device with either
OH-MBP or CH3-MBP monolayers managed to stabilize (passivate) them against elec-
trochemical decomposition. As depicted in the figure, in both cases, R, persisted at its
initial value within an error of 10% for at least 10 hours. The lower stability obtained
with OH-MBP monolayers (red data) is attributed to the poorer surface coverage with
respect to CH3-MBP monolayers (black data).
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Figure 5.12: Time evolution of the sheet resistance (Rgj) of 2DEG devices with differ-
ent surface coatings in contact with electrolytes. The green curve (A) corresponds to
freshly etched devices, the red curve () to devices coated with OH-MBP and the
black (UJ) to the devices coated with CH3-MBP monolayer. At pH = 7, freshly etched
2DEG devices were unstable as irreversible electrochemistry arose at the interface. The
electrochemical stability was achieved for over 6-8 hours when the devices were coated
with OH-MBP or CH3-MBP monolayers. The higher stability provided by CH3-MBP
monolayers was attributed to the higher surface coverage with respect to OH-MBP
monolayers.

The sensitivity limit to surface potentials of the device in contact with neutral elec-
trolytes was also examined. The experiment consisted of measuring the smallest de-
tectable changes of R, as a function of Uy;,s . For uncoated 2DEG devices the sensi-
tivity limit could not be obtained given the rapid drift of Ry;. Nevertheless, for 2DEG
devices coated with CH3-MBP monolayers, the sensitivity limit was 100 puV.
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5.2.2 Response of 2DEG Devices to Electrolyte pH

pH sensitive measurements were carried out on 2DEG devices functionalized with
CH3-MBP monolayers. The electrolye pH was set and continuously measured at an
external reservoir, from where it was constantly pumped through the flow chamber.

The pH sensitive measurements consisted in measuring changes in Ry, as a function
of the electrolyte pH when the bias potential was kept constant at U;,s = -400 mV
(vs. Ag/AgCl). The main set of figure 5.13 plots the results of an experiment. It de-
picts the raw data of Ry, (black, [) and the pH value of the electrolyte at the reservoir
(blue, ) as a function of time. The time delay between R, and pH curves is the time
the electrolyte took to reach the flow chamber from the external reservoir. The results
not only demonstrate an evident correlation between Ry, and pH but also that R, was

reproducible upon reversible pH variations.

A potential sweep (-500 mV < Uy;,s < -300 mV vs. Ag/AgCl) at different pH values
was carried out to correlate changes of surface potentials with Rg,. In the inset of fig-
ure 5.13, Ry, vs Uy, is plotted only for pH = 6. The accumulated results show that,
regardless of the pH value, the slope of Ry, vs Up;,s was the same within £ 1% (data

not shown).

Leakage currents across the interface could influence Rgj,. In these measurements, Ry,
is calculated from a linear (ohmic) fit of the source-drain I-V curves (see section 2.3.4).
To account for such influence, leakage currents (= counter electrode currents) were also
measured at all Uy, and pH values. Within Uy;,; and pH range of these experiments,
the leakage currents varied about i, < 5 nA, and were negligible compared to the
source-drain currents of the 2DEG igp ~ 500 nA.
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The fact that (i) leakage currents negligibly contributed to Ry, and (ii) it existed a di-
rect correlation between R, with the electrolyte pH and Uy;,; convinced that changes
in electrolyte pH corresponded to changes in surface potentials 5. This important con-
clusion is consistent with the electrochemical stability of the device (achieved by coat-
ing the 2DEG device with CH3-MBP) and proves that the device is operative as a field
effect device in contact with aqueous electrolytes (capacitive sensing).

Figure 5.14 shows the relation Ry, vs pH (left axis) after applying the calibration
Ry vs Uy (right axis). Here, the data-points correspond to the values extracted from
different pH scans, a part of which is represented on the previous figure 5.13. Each
data-point is an average over 2 min of the raw data just before the new pH value was
inserted in the chamber. As seen, all data-points follow a linear relationship between
pH and Uy;,s, regardless of the sense of the pH sweep. This fact indicates that varia-
tions of electrolyte pH correspondingly modified the surface potential and, therefore,
the surface chemistry was not altered (to our sensitivity limit). In fact, the irreversible
electrochemistry of bare GaAs in aqueous electrolytes would change the surface chem-
istry leading to an irreversible response (instability). From the linear relationship be-
tween Ry, vs pH and Ry, vs Up,s (the slope of the plot), the pH sensitivity could be
calculated and resulted in 36 + 6 mV/pH (average over different samples).

Remarkably, the pH sensitivity obtained in 2DEG devices coated with CH3-MBP coin-
cided with the pH sensitivity of bulk GaAs electrodes coated with CH3-MBP monolay-
ers observed by impedance spectroscopy (see section 5.1.3 on page 47). This excellent
agreement suggests that the charging mechanism responsible for the pH sensitivity is

fundamentally the same.
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5.3 Summary and Conclusions

GaAs surfaces coated with hydrophobic CH3-MBP monolayers exhibited a clear sen-
sitivity to changes of electrolyte pH. Two different experimental methods have been

exploited hereby, in order to sense and explain the phenomenology.

Firstly, owing to the electrochemical stability of functionalized bulk GaAs samples,
impedance spectroscopy on a wide frequency range enabled the study of the interfacial
processes behind the pH sensitivity. To quantify and elucidate such processes, (i) the
samples were exposed to systematic variations of potential bias Uy;,s and electrolyte
pH, and (ii) distinct impedance equivalent circuit models were employed to reproduce
the impedance spectra. The best fit of the impedance spectra for all Up,,; and pH con-
ditions was achieved by the equivalent circuit Model B of figure 5.1 from which the
total interface resistance (Rp) and total interface capacitance (C,) could be extracted.
This result demonstrated that changes of electrolyte pH corresponded to changes of
surface potentials. From the relationships R, vs Uy;,s and Ry, vs pH, the pH sensitivity
yielded 35 mV/pH which also agreed with the sensitivity obtained by tracing the total
interface capacitance (Cy).

Three distinct charging mechanisms have been proposed as the responsible for the pH
response. First, diffusion of aqueous ions (H30", OH™) across the CH3-MBP mono-
layer was discarded because the diffusion constant of the sample (obtained from
Model D of figure 5.4) was two orders of magnitude lower than the diffusion con-
stant of defected self-assembled monolayers. Second, the protination and deprotina-
tion reactions on defects (GaAs/electrolyte interface) were also discarded as it would
introduce irreversible response of R, and C, to Uy;,s and pH variations, which was
not observed. Thus, third, the charging mechanism was attributed to the adsorption
of OH™ ions on the CH3-MBP monolayer as a consequence of the structure of water
nearby the hydrophobic CH3-MBP monolayer/water interface.

Secondly, the pH sensitivity of 2-Dimensional-Electron-Gas (2DEG) devices function-
alized with CH3-MBP monolayers was also studied. To this aim, the samples were
also examined at different Uy;,; and electrolyte pH. 2DEG devices measure changes of
surface potentials via changes of the sheet resistance Rg;,. As the devices were electro-
chemically stable, demonstrated a linear relation between R, vs pH and Ry, vs Uy,
and at these various conditions leakage currents had neglible effects to Ry, changes of
electrolyte pH were also associated to changes of surface potentials. The pH sensitivity
of the 2DEG devices was 36mV/pH.
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The excellent agreement between the pH sensitivities obtained for bulk GaAs and
2DEG devices convinces that the fundamental charging mechanism is identical.
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Chapter 6

Influence of Counter Ions: Hofmeister

Series

In chapter 5, impedance spectroscopy provided with valuable arguments suggesting
the adsorption of OH™ ions on the CH3-MBP self-assembled monolayer coating GaAs
surfaces as the charging mechanism responsible for the observed pH response. The
adsorption of OH™ ions was argued to rely on the structure of water that arises at
"’hydrophobic surface’/water interfaces. This conclusion was mainly based on the ex-
clusion of different hypothetical charging mechanisms and on independent observa-

tions of analogous systems carried out by other research groups (see section 5.1.4).

In this chapter, to gain a deeper insight into such charging mechanism, the effect of dif-
ferent counter ions to the pH sensitivity is studied. The experiment consists in quanti-
tying by impedance spectroscopy the pH sensitivity of GaAs planar electrodes coated
with CH3-MBP monolayers in contact with two distinct electrolytes: one containing io-
dide anions and another chloride anions. The particular feature of these two anions is
that they are placed at different positions at the Hofmeister series. The effects derived
from the Hofmeister series have demonstrated to play an important role in biophysics.
They give rise to an enormous variety of phenomena on solid /aqueous electrolyte in-

terfaces and on molecules, as reviewed by Cacace et al. [89].

6.1 Influence of Counter Ions on Impedance Spectra

To finely compare the influence of iodide (I7) and chloride (C17) anions along the en-
tire work, two solutions that only differed in the anion type were prepared, as it is
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Chapter 6: Influence of Counter lons: Hofmeister Series

described in detail in section 2.2.3. The GaAs samples were p-doped and were coated
with CH3-MBP monolayers.*

Prior to any pH sensitivity measurements, the impact of the iodide and chloride-based
electrolytes to the interfacial electrochemistry was studied by cyclic voltammetry and

impedance spectroscopy.

Firstly, cyclic voltammetry experiments were carried out at pH = 6.75, in a potential
range of -1000 mV < Uy,s < +500 mV and scan rate of 25 mV /s for both electrolytes.
The results show that the I-V characteristics were apparently undistinguishable be-
tween both electrolytes (to our sensitivity limit) and the current minimum potential
was Upigs j—o ~ -350 mV (vs Ag/AgCl) (data not shown).

Cp

|
Rs ||
—| Ro [

I 1

| I—

Figure 6.1: Equivalent circuit used to fit impedance spectra of GaAs coated with CHs-
MBP monolayers in contact with electrolytes containing I~ or Cl™~ anions. R is the
electrolyte ohmic resistance, Ry corresponds to the total interface resistance and C p the
total interface capacitance.

Secondly, the samples were also examined by impedance spectroscopy on both elec-
trolytes, at the current minimum potential, pH = 6 and in a frequency range of
1072 < v < 10° Hz. The impedance spectra were analogous to the one depicted in fig-
ure 5.2 of page 43 and did not differ for both electrolytes, either. The equivalent circuit
of figure 6.1 was used to fit the data and accounts for the total interface resistance (R,)
and the total interface capacitance (C;). The equivalent circuit could fit the entire spec-
trum for both systems. From the fitting results, the same total interface resistance of
Rp ~ 10° Qcm? and total interface capacitance of C, ~ 1.8 x 107® Fem? could be ex-
tracted for both electrolytes. Besides, under this conditions, the samples were electro-
chemically stable regardless of the type of electrolyte, as R, and C, remained constant
for more than 10 hours (< £5%).

*Note that, in contrast to the experiments carried out in the previous chapter, where n-doped GaAs
samples were employed, here we use p-doped GaAs. Distinct electrochemistry may arise as, in p-doped
GaAs, holes are the majority carriers.

TThe I-V characteristics and the current minimum potential were comparable to the ones obtained in
n-doped GaAs coated with CH3-MBP monolayers [26].

64



Section 6.2: Response to Bias Potential Sweeps

ClI I
o) (d) —~ o & ) © o s J
o v OH) r [
o) (ow —~ a r G OH C)f\f _
- o) OH o) M OH ®< QQ@Q
c.‘HDH’DifCE‘OHu(-fOHOo—F a rm-oﬂ—q rot-r___n"'oerr.r.
: . — As As As As As
GaAs Electrode
@ Chloride ions (CI') () lodide ions (1)

@ Hydroxide ions (OH")

Figure 6.2: Schematic illustration of the experiment. Two different electrolytes with
identical ionic concentrations were prepared, which only differed in the type of
counter-ion: chloride and iodide. The plot depicts the difference in competition be-
tween the counter-ions (iodide and chloride) and hydroxide ions (OH™) against the
adsorption at the interface.

From the fact that the I-V characteristics and the impedance spectra were undistin-
guishable between samples in contact with either iodide or chloride-based electrolytes,
the presence of any of both ions was interpreted to negligibly affect the interfacial elec-
trochemistry.

The drawback of using only Ag/AgCl reference electrode in these experiments is (i) the
possible migration of chloride ions from the reference electrode to the electrolyte solu-
tion (especially in the iodide electrolytes) and (ii) the reference potential shift between
iodide and chloride solutions. Nevertheless, the potential difference between chloride
and iodide solutions resulted in ~ 10 mV, the I-V characteristics and the impedance
spectra were undistinguishable when either ion was present and no drifts were ob-
served. In conclusion, the reference electrode negligibly affected the outcomes of the

present experiment.

6.2 Response to Bias Potential Sweeps

Figure 6.3 depicts the impedance spectra (triangles) at different external bias potentials
(Upizs) of the samples in contact with Cl™- (left plot) and I™- (right plot) based elec-
trolytes at pH = 6 (Nyquist plot). A clear relationship between the impedance spectra
and Uy, is evident. The equivalent circuit of chart 6.1 was used to fit the data. For all
cases, the equivalent circuit could fit the entire spectrum (red continuous lines) with

an error of < 1%. Equivalent circuits Model C and Model D of chart 5.4 on page 45 in
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Figure 6.3: Impedance spectra (Nyquist plot) of GaAs electrodes coated with CH3-MBP
monolayer in contact with chloride-based (left) and iodide-based (right) electrolytes
measured at different potential bias conditions and at pH = 6. The experimental data
(triangles) were fitted with equivalent circuit 6.1 resulting in fitting errors < 1% (red
continuous curves). The impedance spectra are not altered by the presence of different
anions.
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Figure 6.4: Total interface resistance (R;) as a function of the Uy, for chloride-based
() and iodide-based () electrolytes at pH = 6. R, was extracted from fitting the
impedance spectra of Figure 6.3 with the equivalent circuit of chart 6.1. R, vs Uy, is
empirically fitted with a linear function yielding the slopes of 1.21 x 10* OmV~! (io-
dide) and 1.25 x 10* OmV~! (chloride). The high quality of the fit from figure 6.3 and
the difference between the slopes ~ 2% demonstrates that the interfacial electrochem-
istry was irrespective to the anion type.
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Section 6.3: pH Sensitivity in the Presence of I and CI™

chapter 5, which include circuit elements that account for deviations from the electro-
lyte/insulator/semiconductor system (see chapter 4), could not improve the quality of
the fit.

Figure 6.4 depicts relationship between the total interface resistance (R,) and Uy, Te-
sulting from the fits shown on figure 6.3. The relation Ry, vs Uy, was further fitted
empirically with a linear function, whose slope yielded 1.21 x 10* OmV~! for iodide-
based and 1.25 x 10* OmV ! for chloride-based electrolytes. The fact that both slopes
fall within 2% of error from each other is consistent with the previous observations
by cyclic voltammetry. In fact, as R, ultimately reflects the charge transfer across the
interface, the similarity of both slopes demonstrates the inertness of each anion to the
charge transfer mechanism. Indeed, although C1~/Cl, and I" /I, have different redox
potentials, this is the expected behaviour as both redox couples have their redox po-
tentials at a distance = 900 mV below the valence band of GaAs (at Uy;,;s = -350 mV).
For this reason, they have a negligible probability for a charge transfer reaction with

the semiconductor bands or surface states, see figure A.2 on page 95.

6.3 pH Sensitivity in the Presence of I and Cl™

To study the pH sensitivity, the electrolyte pH was systematically changed. Figure 6.5
shows the response of the impedance spectra of the decorated sample to the electrolyte
pH at Upj,,s = -350 mV when the samples were in contact with chloride
(4, left) and iodide (A, right) electrolytes. The plot makes clear the dependency of the
interface impedance to electrolyte pH, in both electrolytes. For clarity of the plot, just
selected results are shown. The impedance spectra could be reproduced after different
pH scans cycles (data not shown). In all conditions, the equivalent circuit of figure 6.1
best fitted the data within an error of 1%, as well.

Figure 6.6 plots the relationship between R, and pH for both electrolytes. The results
were empirically fitted with a linear function, too. Respectively, for iodide and chloride
electrolytes, the slopes yielded 1.82x10° QO/pH and 4.31x10° Q/pH.

The fact that the same equivalent circuit model fits the entire spectrum at all pH values,
Uyizs and ion type, and that the spectra could be reproduced after different pH/ Uy,
scan cycles convinces that the interfacial electrochemistry remains unaltered. This jus-
tifies that changes of electrolyte pH modify the surface potential. In conclusion, we can
state that (i) iodide and chloride are inert to the interfacial electrochemistry and (ii)
the charging mechanism responsible for the pH sensitivity relies on the adsorption of
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Figure 6.5: Impedance spectra of the sample in contact with chloride and iodide-based
electrolytes (Nyquist plot) as a function of the electrolyte pH (values on the curves) at
Upizs = -350 mV. The interfacial impedance showed a clear dependence to pH and ion
type (note different scale-bar). Nevertheless, equivalent circuit of chart 6.1 alone fitted
the entire spectra at all pH values and for both electrolytes (red continuous curves)
with an error ~1%. The fact that the same equivalent circuit fitted also the impedance
results of figure 6.3 demonstrates that changes in pH correspond to changes of surface
potentials at the interface.

OH™ ions on the hydrophobic CH3-MBP monolayers. The latter conclusion is derived

from the main conclusion of chapter 5.

The pH sensitivity of the sample could be calculated from the linear relations
Ry vs Uy and Ry, vs pH for each electrolyte. Iodide-based electrolytes yielded a pH
sensitivity of 15 = 3 mV/pH while chloride electrolytes, 33 & 6 mV/pH.

Remarkably, the pH sensitivity for iodide electrolytes was half of the one for chloride
electrolytes. The difference is argued as following. As a consequence of the adsorption
of counter-ions on the hydrophobic CH3-MBP monolayer, the structure of water at the
hydrophobic/water interface is altered. This structure of the water favours the adsorp-
tion of OH™, which is the charging mechanism responsible for the pH sensitivity (see
chapter 5 and [88]). Thus, the competition between counter-ion and OH™ adsorption
at the interface determines the pH sensitivity. For this reason, the lower pH sensitivity
in iodide electrolytes is interpreted as the higher adsorption strength of iodide anions

with respect to chloride anions on the hydrophobic CH3-MBP surface.
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Figure 6.6: Total interface resistance (Rp) as a function of the pH for electrolytes based
on iodide () and chloride () at Up;,s = -350 mV. The extracted data is empirically
fitted with linear function, yielding the slopes of 1.82 x 10° (iodide) and 4.31 x 10°
Qcm?/pH (chloride). A higher response of the samples to pH in chloride electrolytes
with respect to iodide electrolytes is evident. Employing R, vs Uy, relationship (figure
6.4) enabled to calculate the pH sensitivity, resulting in 15 mV/pH (iodide) and 33
mV /pH (chloride). The lower pH sensitivity of iodide electrolytes is attributed to the
higher adsorption strength of iodide ions on the surface

6.4 Thermodynamics of Ion Adsorption

The adsorption of ions on a surface can be treated thermodynamically by defining the
subsystem S (adsorbed ions on the surface) submerged in a reservoir R (bulk elec-
trolyte). It can thus be described by the Grand Canonical ensemble, where partition
function is accounting for the microstates that not only depend on the energy but also
on the number of particles of the subsystem S. In this way, at the thermodynamic equi-
librium, the concentration of adsorbed ions (6,45) can be described analytically by

AG
Oads = o exp <_kB_T) (6.1)

where 0 is a reference concentration constant and the Gibbs potential
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Chapter 6: Influence of Counter lons: Hofmeister Series

G=U-TS+PV =) wuN. (6.2)
i

Here, U is the energetic contribution of the subsystem, T the temperature, S the en-
tropy, P the pressure, V the volume, u the chemical potential and N the number of
particles in the subsystem. i’ refers to type of particle.

As shown by equation 6.1, processes that evolve to a higher negative AG favours the
adsorption of ions. Here, AX = X, 150rped — Xsorvated, PeINg X the extensive potential.

As the volume of the entire system does not change on an adsorption process (AV =0),
AG only includes the energetic and the entropic contribution. Different ions have dif-
ferent solvation energies and entropies once interacting with water molecules, leading
to the categorization of such ions in the so-called Hofmeister series. The Hofmeister
series originally ranked ions according to their ability to precipitate egg white pro-
teins [90] [91]. This effect is mediated by direct ion-surface and by the influence of ions
on bulk water. Marcus [92] provides the thermodynamic potentials upon solvating of
different ions, the most relevant of them for this work are summarized in the following
table.

Cation | AG TASS | Anion | AG TASS
Mg?" | -1838 132 | (PO4)? | 473 na

Ca?t | -1515 132 F~ 472 70
Ht |-1056 na Cl- |-347 -6
Nat | 375 5 Br- |-321 -28
Kt | -304 -34 I~ 283 -55

where AG and TAS are given in [kKJmol~!] at T = 298 K and are the solvation energies
defined as ASX = XSOlUllted - qucuum.

The adsorption process on the surface depends thermodynamically on the Gibbs sol-
vation energy. A first look at table above indicates that the internal energy of solva-
tion of anions (U) is sensibly larger than the entropic contribution (TAS). In values at
T =298 K, AU(CI™) = 341 kJmol~! and ASU(I") = 228 kJmol . This may imply that
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Section 6.4: Thermodynamics of Ion Adsorption

the energetic contribution (U) plays an important role in the thermodynamics of ad-
sorption. Nevertheless, the final state of the adsorbed ions is undefined and cannot be
postulated a priori. The solvation shell can be disturbed to a certain degree, influencing
the magnitude of the contributing interactions. That is why; it is not possible to analyze
the adsorption process in terms of either AU or TAS, independently.

Therefore, the problem must be treated by considering Gibbs free energy of the sub-
system “adsorbed ions” including water molecules interacting with the adsorbed ions,
ion-ion interactions, ion-surface and water-surface interactions as well as the intrinsic
properties of the ions such as their polarizability, a;,,, and volume, V,,. In this ap-
proach, the Gibbs energy can be analytically be decomposed to

Gadsorbed = Goaw + Ge + Gim + Gpol + Grest- (6.3)

Here, G4 is the contribution of the van der Waals interaction between ion-ion and
ion-surface, G, the ion potential interaction (electrostatic), G;;,, the image forces arising
from abrupt changes in the dielectric constant at the interface (ewater = 80,
€sotid == 1-3) [93], Gpo1 the polarizability of the ions [94] and Gyest the rest of contri-
butions important at the particular surface employed. As an example, in hydrophilic
surfaces, G5t is dominated by Hydrogen-bonds between water molecules and the sur-
face. For hydrophobic surfaces, direct Hydrogen bonds are absent and the interfacial

structure of the water determines G,,s;.

As such functions are analytically complex and there exists a complex interplay among
numerous amount of particles contributing to the total Gibbs free energy, Monte Carlo
or Molecular Dynamics simulations, similar to the ones performed by Zangi et al.
[88], may provide arguments to explain the observed pH sensitive difference between
I™- and Cl -based electrolytes. They can account for the difference in adsorption
strength of iodide and chloride ions as well as the influence of other ions. In fact, our
experimental results suggest that there is a correlation between the solvation entropy
and the strength ion of adsorption which seems to follow the Hofmeister series (see
previous table on page 70). Despite the new physics and the strong supporting argu-
ments that these computational tools can provide, performing these simulations falls

outside the scope of the present work.
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6.5 Conclusions

GaAs electrodes coated with CH3-MBP monolayers demonstrated an excellent elec-
trochemical stability irrespective of being in contact with either iodide- or chloride-
based electrolytes. Impedance spectroscopy in a wide frequency range was exploited
to study the phenomenology of electrolyte/sample interface. The entire impedance
spectra could be reproduced by the equivalent circuit of figure 6.1 when either Uy,
pH or anion type were varied systematically. Besides, when the external conditions
were reversed, the impedance spectra could also be reproduced. These important re-
sults confirmed that (i) the presence of different electrolyte anions did not alter the
electrochemistry of the interface (up to our sensitivity limit), (ii) changes in electrolyte
pH correspondingly modified the surface potential, and (iii) the charging mechanism
responsible for the pH sensitivity stemmed from the adsorption of OH™ ions on the
hydrophobic CH3-MBP monolayer (main conclusion of the previous chapter 5). The
stability of the samples made possible a systematic study of the impact of each counter
ion to the pH sensitivity of the surface.

The total interface resistance (R;), that is extracted from fitting the impedance spectra
with the equivalent circuit of figure 6.1, enabled to correlate quantitatively the changes
of electrolyte pH to changes of surface potentials. For electrolytes containing iodide
anions, the pH sensitivity resulted in 15 = 3 mV/pH which was about a factor of two
smaller than for chloride-based electrolytes, 33 + 6 mV/pH. The lower pH sensitiv-
ity of iodide electrolytes is interpreted to be caused by the higher adsorption strength
of iodide ions on the hydrophobically functionalized surface with respect to chloride
ions. The ion specific adsorption on the surface seems to follow the Hofmeister series,
which reflects the solvation entropy of different ion species. Nevertheless, given the
complex interplay of different interactions among ‘adsorbed ions’, water and surface,
the calculation of the total Gibbs free energy of the 'ion adsorbed state” would be nec-

essary for a quantitative discussion.
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Chapter 7

Electrochemical Monitoring of
Structure and Function of Lipid

Membranes on Functionalized GaAs

A crucial step to engineer GaAs towards biological applications is the biofunctionaliza-
tion of its surface with supported lipid membranes. Being lipid membranes the physi-
cal support of many biological processes at (and between) the inner cell and the outer
environment, its electrochemical processes are of special relevance. The functionaliza-
tion and electrochemical stability of GaAs surface coated with CH3-MBP monolayers
provide a biologically-friendly interfacial environment for the deposition of lipid lay-
ers. Benefiting from impedance spectroscopy, in this chapter, different electrical prop-
erties of the lipid membranes are traced by an equivalent circuit especially designed
for the present system. The different circuit elements of the equivalent circuit not only
demonstrate to independently characterize distinct physical features of the lipid mem-
brane and the GaAs substrate, but also to be able to sense the membrane formation,
membrane electrical potential and enzymatic reactions. On appendix A.3, further re-
sults on lipid bilayers deposited on GaAs coated with OH-MBP monolayers are also

presented.
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Chapter 7: Electrochemical Monitoring of Lipid Membranes on GaAs

7.1 Electrochemical Characterization of

Lipid Monolayers

Prior to the lipid membrane deposition, the electrochemical stability of each GaAs sam-
ple coated with a methyl-mercaptobiphenyl (CH3-MBP) monolayer was checked by
measuring the impedance spectroscopy [26]. To quantitatively identify various electro-
chemical layers, measurements are carried out in a wide frequency range
(10° - 10~! Hz) at the current minimum potential Upjgs j—0 = - 400 mV (vs. Ag/AgCl),
determined by cyclic voltammetry [50] [27] *. Only the samples that show negligibly
small deviations (within + 1 %) in interface resistance and capacitance over several

scans are subjected for the further functionalization steps.

R
p
—
A — Cp -
|
i
Rp Rer Win(o)

Figure 7.1: Equivalent circuit models used to fit the impedance spectra. Model A con-
sists of resistance of electrolyte and Ohmic contact Rs , interface capacitance C, , and in-
terface resistance R, . For analyzing impedance spectra in the presence of a lipid mono-
layer, Model B is employed that additionally includes Warburg element W,(c), the
phase transition resistance at the electrolyte/membrane interface Rpr, and the mem-
brane capacitance Cy, .

Figure 7.2 represents the absolute impedance and the phase shift plotted as a func-
tion of frequency (Bode plot) of the GaAs coated with CH3-MBP before (+) and after

(o) the deposition of a lipid monolayer. To analyze the measured impedance spec-

*Different from our previous studies dealing with n-GaAs, we use p-GaAs as an electrode in this
study. Thus, the current minimum potential of the p-GaAs sample, i.e., the bias potential at which the
sum of the oxidative and reductive currents is minimum, is determined by cyclic voltammetry to be
Upigs,j—0 = - 400 mV (vs. Ag/AgCl).

74



Section 7.1: Electrochemical Characterization of

Lipid Monolayers
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Figure 7.2: Impedance spectra (Bode plot) before (+) and after (o) the deposition of a
lipid monolayer on a GaAs electrode coated with a CH3-MBP monolayer, recorded at
the current minimum potential (Upss,j—0 = - 400 mV). The solid lines correspond to the
titting results using Model A (+) and Model B (o) in Scheme 7.1.

tra, two different circuit models are taken, as presented in scheme 7.1. The best fit
of the impedance spectra before the membrane deposition (+) can be achieved with
Model A (solid lines). R; reflects the Ohmic resistance of the electrolyte and/or elec-
tronic contacts in the high frequency regime (f > 10° Hz), while C, and R, characterize
the capacitance and resistance of the solid/electrolyte interface, respectively. The fit-
ting yields the interface capacitance and resistance of interface to be R, = 1.2 MQ cm?
and Cp = 1.9 uFem 2, respectively.

As discussed in our previous accounts in detail [81], the interface capacitance C, can
be simplified to a serial connection of capacitance of the electrolyte (Gouy-Chapman-
Stern capacitance) Cgcg, capacitance of the self-assembled monolayer (SAM) Cgy,, and
space charge capacitance of the semiconductor Csc. Here, Cics is a serial connection of
the Helmholtz layer capacitance Cy; > 140 uFcm 2, and the diffusion layer capacitance
Cairr > 0.9 Fem™2. Moreover, our preliminary simulation with the detailed model [43]
implied that the capacitive contribution from the surface states Cgg is negligible in our
experimental system. Thus, C, of the freshly etched, bare GaAs (which has the doping
ratio of nﬁ ~ 3 x 10¥ cm~3) is concluded to be governed by Csc, which is in the range
of 2 -3 yFem 2.

The impedance spectra of the sample with a lipid monolayer (containing 60 mol%
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Figure 7.3: Schematic illustration of the system. Over the self-assembled monolayer of
methyl-mercaptobiphenyl (CH3-MBP) grafted on freshly etched GaAs, lipid monolay-
ers are spread by vesicle fusion. On one part of the experiment, the influence of the
charge concentration of the lipid layer is systematically changed, while on the other,
neutrally charged lipid monolayers were exposed to the action of enzymatic degrada-
tion of PLA,.

DMPC and 40 mol% cholesterol) reach to the saturation level (o) about 2 h after the
injection of vesicle suspensions (see Fig. 7.5 for more details). Here, the best fit can
be achieved with the Model B of scheme 7.1, which includes a new set of circuit ele-
ments representing the phase transition resistance at the electrolyte/membrane inter-
tace (Rpr), membrane capacitance (Cy;), and so-called Warburg resistance (W;,). Here,
Warburg resistance W, is introduced to account for the diffusion of ions to the elec-
trode surface [67] [68]. In fact, the fitting of the membrane without Warburg resistance,
i.e. with a parallel pair of Ohmic resistance and capacitance, results in a large fitting
error (£ 15 %).

Analytically, the Warburg resistance can be expressed as

N|—

Wy (o, w) = ((7+ %) W™ (7.1)

where ¢ is the Warburg parameter,

4RT 1
\/Eansz VD

(7.2)

A is the active electrode area, D the diffusion constant of the ions across the interface,
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p their concentration at the surface and w the angular frequency of the read-out signal.
The constants R,T, n and F have their usual meanings.

Taking this model (Model B), the electrochemical parameters of a lipid monolayer can
be calculated to be Rpr = 9 x 102 Qem? C, = 15 chm*Z, and
Wy = 42 x 10° Qcm?. Note that Rpr merely represents the resistance of the elec-
trolyte/membrane interface, which does not include the diffusion barrier character-
istics of the hydrophobic core region of the membrane. Here, the barrier capability of
the membrane against the diffusion of ions can be represented mainly by Wj,. If one as-
sumes that the concentration of ions on the surface is the same as in the bulk electrolyte,
a diffusion constant of Dy, =5 x 107> um?s~! can be calculated from the Warburg con-
stant, 0, = (5 + 0.5) x 10° Qs'/2. This diffusion coefficient is about 7 orders of mag-
nitude smaller than the diffusion of ions in aqueous electrolyte, D = 1 X 108 pmzs_1
(calculated from the Stokes-Einstein equation of the ion with the radius of 3.5 A) and
about 3 - 4 orders of magnitude smaller than those across alkylsiloxiane monolayers,
D =0.01 - 0.1 pm?s~! [83]. Such a significantly high Warburg resistance well explains
the excellent electrochemical stability the membrane-coated GaAs, where we observe
no sign of electrochemical instability for more than 3 days within the experimental
limit.

The capacitance of the lipid monolayer, C;;, = 1.5 chm_z, is almost double of the ca-
pacitance value reported for free-standing [95] [96] and supported lipid bilayers [13],
Chilayer = 0.7 pFem =2, which provides a proof of the formation of a lipid monolayer on
GaAs electrode coated with a CH3-MBP monolayer. As the membrane capacitance can
be represented by

Cpy = €0 (7.3)

dm
the thickness of the hydrocarbon region can be calculated to be d;;, = 12 A by assuming
the dielectric constant of the hydrocarbon core region of lipid membranes to be €, =2.2
[95] [96] [97]. This value agrees with the corresponding values reported previously [98]

[58] [12].

7.2 Kinetics of Membrane Formation

Figure 7.4 represents the plots of W, (¢) and C;, as a function of time, corresponding
to the time evolution of the membrane formation. Each of the data-points is calculated
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Figure 7.4: Growth kinetics of a lipid monolayer on a GaAs electrode coated with a
CHj3-MBP monolayer. At t = 0, vesicle suspension was injected to the electrochemical
cell, and changes in the Warburg element W,,(0) and the membrane capacitance C;,; (o)
are recorded as a function of time. Both W,,, and C,,, reached to the saturation level at t
~ 7000 s. Such time evolutions can be fitted empirically with a first order exponential
function, yielding the characteristic time constants of Ty, = 1350 £ 200 s for W, and
7c,, =310 &+ 30 s for C;, , respectively.

from individual impedance spectra collected every 7.5 min. After 7000 s of the injection
of lipid vesicles at t = 0, both Wy, and C,, reach to the saturation levels, i.e. the prolonged
incubation time and the increase of the sample temperature do not lead to any change.
Flushing of remaining vesicles from the flow chamber does not result in any change in
both parameters, suggesting that vesicles adsorbed on the surface, even if they exist, do
not influence the electrochemical characteristics of the supported membrane. Using the
surface plasmon resonance and quartz crystal microbalance, Keller et al. reported that
the kinetics of supported membrane formation on a hydrophilic silica surface includes
two steps: (i) adsorption of vesicles and (ii) spreading on the surface [99]. It should be
noted that the kinetics observed here should mainly reflect the kinetics of the decrease
of the active membrane area by spreading of the membrane on a hydrophobic surface,
because the adhered vesicles cannot form the shielded "barrier’ that significantly slows
down the diffusion of ions. Thus, we performed empirical fitting of the observed ki-
netics with a first-order exponential function, yielding the characteristic time constants,
Tw,, = 1350 + 200 s and 7¢,, = 310 £ 30 s, respectively. The apparent difference between
the characteristic time constants obtained from changes in resistance and capacitance
seems consistent with the qualitative tendency observed for the formation bilayer lipid

78



Section 7.3: Capacitive Sensing of Surface Charge Density

w
(N}

C, x 10° (F cm™®)
= N N N
> ° » ®

-
N
L

40 30 20 10 0 10 20
Molar Percentage of Charge (%)

Figure 7.5: Dependence of Cy, () and C, (O) on the doping ratios of charged lipids.
Here, the signs in x-axis coincide with the signs of charges. It should be noted that Cy,
remains almost independent from the charge density on the membrane surface, C;, =
(1.5 £ 0.2) x pFem™2) (broken line). In contrast, C, shows a clear dependence on the
surface charge density, which seems to scale with [charged lipid] % (solid line).

membranes on Si/SiO, electrodes, where the capacitance reaches to its saturation level
much faster than the resistance [13].

7.3 Capacitive Sensing of Surface Charge Density

The effect of the charge density Q on C, and Cj, can be studied by changing the com-
position of lipids in a systematic manner. Here, the molar concentration of cholesterol
is kept to be 40 mol%, and positively charged lipids (DHDAB) or negatively charged
lipids (DMPG) are mixed with zwitterionic DMPC matrix to achieve the total lipid frac-
tion to be 60 mol%. Figure 7.5 represents the C, and C,, values plotted as a function
of molar percentage of charged lipids. Note that the sign in x-axis coincides with the
sign of net surface charges, and the experimental errors out of several experiments fall
within + 10 %.

As presented in the figure, the capacitance of a lipid monolayer C;, is almost indepen-
dent from the mole fraction of charged lipids, C, = 1.5 & 0.2 uFem ™2 (the broken line
in Fig. 7.5). In contrast, Cy, which is dominated by the semiconductor space charge
capacitance, shows a systematic dependence on the charge density on the membrane
Q. As indicated by the solid line in Fig. 7.5, the dependence of C, on the lateral charge
density and thus on the mole fraction of charged lipids can be fitted with
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Figure 7.6: Plot of 1/ C% vs. lateral charge density Q. Lateral charge density (note the
sign of x-axis is inverted for the correspondence to ‘bias’ potentials (Up;,s vs. a reference
electrode, Ag/AgCl) can be calculated from the molar fraction of charged lipids using
the known mean molecular area of a phospholipid (~ 70 A2). [65] 1/ C%, vs Upizs plot
of a neutral lipid monolayer (Q =0 nCem—2) is presented as the inset, from which the
carrier concentration 7, = 1.1 £ 0.3 x 10! cm™2 and the flat band potential Upp =-230
+ 30 mV can be calculated. This enables one to estimate the sensitivity of a membrane
charge sensor to be 8 mVem?/pC, corresponding to 1 charge/18 nm?.

Cp o ! (7.4)

[Lipidcharged]

It is also noteworthy that both Warburg resistance W;, and characteristic time con-
stants for the membrane formation (7, and 7c,) remain constant irrespective of the
presence of charged lipids, confirming that the electric resistance of the membrane (i.e.
surface coverage) and kinetics of membrane formation are not influenced by the lipid

compositions.

Since Cy, can be quantitatively separated from Cy, this capacitance reflects the serial
connection of the capacitance of a CH3-MBP monolayer, Cs 4, and the semiconductor
space charge capacitance, Csc. In Figure 7.6, the influence of surface charge density on
C, is presented by plotting 1/ C;% vs. lateral charge density, Q. Here, the mole fractions
of charged lipids are converted to the charge density taking the mean area occupied by
one phospholipids molecule in fluid phase (~ 70 A2 per molecule) [65] [100]. Therefore,
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this is an analogue of Mott-Shottky plots that predict a linear relationship between
1/ Clz7 vs. Upi,s when the semiconductor is operated at the depletion regime. The slope
of such a plot coincides with the density of the majority carrier in semiconductor 7,

since:

1 1 kT
% | Uen = Up) =5 (7.5)

Uyt is the external potential, and Uﬂ, the flat band potential [37] (see also section 3.1.2).
The linear relationship observed here qualitatively indicates that C,, is sensitive to the
change in the surface charge density Q. In our experimental system, applications of
various U,y mean changes in the surface potential s due to changes in the surface

charge density Q according to the Poisson’s equation.

To determine the sensitivity of GaAs coated with the supported lipid monolayer, a
lipid monolayer consisting of 40 mol% cholesterol and 60 mol% DMPC is deposited.
The impedance spectra are collected between Uy;,s = - 550 mV and - 350 mV, where
the electrochemical stability of the system is guaranteed for more than a day. Here,
U,yt is quantitatively represented by Uy;,s . The plot of 1/ C;Z, vs. Uy, (figure 7.6, in-
set) verifies the linear relationship, and the slope corresponds to the carrier density
of ny(lipid monolayer) = (1.1 &+ 0.3) x 1012 em—3. Despite of the model circuit in-
cluding many fitting parameters, this value agrees very well with the values obtained
from two reference experiments on GaAs coated with CH3-MBP SAM: (i) the carrier
density of a GaAs electrode determined by impedance spectroscopy in electrolytes,
ny (SAM-GaAs/imp) = (3.2 & 0.3) x 10! cm~3, and (ii) the carrier density measured
by a Hall measurements in air, n,(Hall) = (3.7 x 0.2) x 10! cm~3. From the intercept
of the extrapolated linear part with the x-axis, the flat band potential of GaAs coated
with a lipid monolayer can be calculated to be Uy, (lipid monolayer) = - 230 mV. This
is slightly shifted from the corresponding value of GaAs with the CH3-MBP SAM,
Uy (SAM-GaAs) = - 280 mV, which can be attributed to a potential drop across the
hydrocarbon chain region.

From two linear relationships obtained from our experiments, 1/ C% vs. Q (figure 7.6,
main panel) and 1/ CIZ, vs. Uy;,s (figure 7.6, insets), the charge sensitivity of the membra-
ne-functionalized GaAs can be calculated to be 8 mVcm? /uC. Taking the area per lipid
molecules of 70 A? into account, the charge sensitivity can also be given as 1 charge
per 18 nm?. In fact, the sensitivity achieved here is slightly better than the one of ITO
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coated with polymer-supported lipid monolayer, 1 charge per 8 nm? [12].

7.4 Electrical Monitoring of Enzyme Functions

As the first step to electrochemically monitor the biochemical reaction on the sup-
ported lipid monolayer on semiconductors, the enzymatic activity of phospholipase A;
(PLA;) that cleaves the ester linkage of the sn-2 position of glycerophospholipids and
transfer them into lysophospholipids and fatty acids [101] is studied. In figure 7.7, the
impedance of GaAs electrode with a DMPC monolayer (with 40 mol% of cholesterol)
measured before the injection of PLA; (solid lines) and the impedance of the same sam-
ple measured after incubation with PLA; for 2 h at T = 25 °C (dashed lines) are pre-
sented. For these series of experiments, the buffer from 10 mM Na,HPO,/NaH,PO,
is replaced to 10 mM Hepes to avoid undesired interference to the enzymatic activity
as well as the precipitation of salts caused by the presence of Ca*?, employed to acti-
vate the enzymatic reaction of PLA;. The exchange of buffer salts does not cause any

detectable change in the electrochemical parameters of the experimental system.
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Figure 7.7: Enzymatic degradation of a phospholipids (DMPC) monolayer with phos-
pholipase A; (PLA;). The global shape of impedance spectra significantly changes
upon the addition of PLA; to a DMPC lipid layer (solid lines). After 2 h, we found
that the Warburg resistance of the membrane W;,(c) decreased almost two orders of
magnitude (dashed lines).
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As can be seen in the figure, the absolute impedance in the low frequency region
(f <10 Hz), which is dominated by the Warburg resistance W, shows a clear decrease
after 2 h. This tendency can be interpreted as the decrease in the barrier capability of
the membranes against the diffusion of ions, caused by the degradation of lipids by
PLA;.

In fact, the W), value drops by two orders of magnitude from the initial value, resulting
in a significant increase in the diffusion coefficient of ions, D ~ 8 x 10! um?s~!. The
change in the diffusion barrier capability (i.e. leakiness) of the membrane agrees well
with the previous reports using ellipsometry [58] and AFM [102] [103]. Nevertheless,
such a significant increase in the diffusion coefficient across the lipid monolayer (al-
most by four orders of magnitude) does not cause any electrochemical instability, sug-
gesting that the underlying CH3-MBP layer still prevent the surface from irreversible
electrochemistry on GaAs.
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7.5 Conclusions

Excellent electrochemical stability of GaAs achieved by covalent coupling of methyl-
mercapto-biphenyl (CH3-MBP) allows for the deposition of a lipid monolayer by fu-
sion of small vesicles on the hydrophobic surface. Electrochemical impedance spec-
troscopy measurements over a wide frequency region (10° - 10~! Hz) at the current
minimum potential Up;zs j—o = - 400 mV (vs. Ag/AgCl) enables one to quantitatively
identify electrochemical parameters of a supported lipid monolayer and those of the
GaAs/CH3-MBP interface with an aid of equivalent circuit models. The best fit results
suggest that the presence of a lipid monolayer remarkably slows down the diffusion
of ions, so that the electrochemical parameters of the membrane-functionalized GaAs
remain stable for more than 3 days. The kinetics of membrane formation can be traced
by monitoring the Warburg resistance W, and capacitance Cy, of the membrane, which
can empirically be analyzed to gain the characteristic time constant of membrane for-
mation.

Owing to the quantitative identification of the resistance R, and capacitance C, of the
GaAs/CH3-MBP interface even in the presence of a lipid monolayer, the change of the
interface capacitance C, that contains the contribution of the capacitance of semicon-
ductor space charge region Cgc can be measured as functions of the fraction of charged
lipids (i.e. surface charge density Q) and bias potentials Up;,s. The linear relationships
obtained for 1/ C,Z, vs. Q and 1/ C;% vs. Upjss suggests that C, can be used as a sensi-
tive measure to detect the surface charges, and the charge sensitivity of the system can
be calculated to be 1 charge per 18 nm?2. Moreover, preliminary experiments success-
fully demonstrate the potential application of membrane-functionalized semiconduc-
tor electrodes in the electrochemical monitoring of enzymatic reactions (degradation
of phospholipids by phospholipase A;). The composite membranes established here
open a large potential towards the design of new hybrid sensors by functionalization

of various GaAs-based semiconductor devices with biological membranes.

84



Conclusions

Owing to the excellent electrochemical stability achieved by the deposition of mono-
molecular films of mercaptobiphenyl (MBP) derivatives, potential applications of func-
tionalized bulk GaAs electrodes as well as two-dimensional electron gas (2DEG) de-
vices for various types of liquid-phase sensors are examined, and the possible molec-
ular mechanisms of the observed sensitivity have been discussed. Impedance spec-
troscopy over a wide frequency range enables to distinguish different electrochemi-
cal layers quantitatively by modelling the experimental results with equivalent circuit
models.

In Chapter 5.1, the impedance spectra of GaAs electrodes coated with CH3-MBP mono-
layers have been measured at various external bias potentials
(-450 mV < Upjps < -250 mV) and pH conditions (2 < pH < 7). The obtained spec-
tra can be well represented by a serial connection of a resistance Rs (electrolyte and
Ohmic contact) and a pair of resistance R, and capacitance Cy, reflecting the elec-
trochemical properties of the semiconductor space charge region and the CH3-MBP
monolayer. Interestingly, the interface resistance Ry, is proportional not only to the bias
potential Uy;,s, but also clearly shows a linear dependence on the electrolyte pH. These
two linear relationships suggest that the change in electrolyte pH can be translated to
the change in external (i.e. surface) potential. The relationship between pH and the
bias potential can empirically be deduced: 35 mVpH ™!, which agrees well with the
pH sensitivity obtained from capacitance measurements (Mott-Schottky analysis). To
gain the physical origin of the observed pH sensitivity, different hypothetical mech-
anisms are proposed and discussed. First, the diffusion of H"™ and OH™ ions across
the CH3-MBP monolayer is discarded, as the diffusion constant obtained by the cir-

1 is more than six orders of

cuit models with the Warburg element, D < 10~% pms™~
magnitude smaller than the diffusion of ions in bulk electrolyte. Second, the protina-
tion and deprotination (site-binding model) on GaAs defects is also discarded, since it

should cause irreversible electrochemical reactions at the GaAs/electrolyte interface.
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Furthermore, the obtained pH sensitivity does not agree well with that of GaAs coated
with a thick oxide layer [48]. In fact, the impedance spectra are fully reproducible upon
several pH/Up;,s cycles. Thus, it has been concluded that the observed pH sensitivity
is caused by the charging of the hydrophobic CH3-MBP monolayer surface due to the
adsorption of OH™ ions.

In Chapter 5.2, 2DEG devices are functionalized with CH3-MBP monolayers taking
the same functionalization protocol, and pH sensitivity of the functionalized device is
evaluated by measuring the sheet resistance in 2DEG layer, Ry;. As the first step, the
stability of the performance of the functionalized 2DEG device in aqueous electrolytes
(pH = 7) was confirmed, where Ry, varied within <10% after a period of 10 h near
the current minimum potential Up;,s = -400 mV. When subjected to changes of the elec-
trolyte pH and Up;,s , (2 < pH < 7) and (-500 mV < Up;,s < -300 mV), Ry, responded
linearly versus both pH and Uy, . It should also be noted that the leakage current
remains constant (>~ 10 nA) irrespective to pH and Uy,,s changes. From these relation-
ships, the sensitivity of 2DEG was extracted to be 36 mVpH~!. Remarkably, the pH
sensitivity observed by 2DEG devices is almost identical to the pH sensitivity of bulk
GaAs electrodes in the previous chapter. As changes in Ry, (i.e. carrier concentration)
in a 2DEG layer reflect the energy shift caused by surface potentials, the mechanism
of the observed pH sensitivity can also be explained as the adsorption of OH™ on
CHj3-MBP monolayer.

In Chapter 6, the influence of counter ions was investigated to gain deeper insight into
the mechanism of the pH sensitivity of GaAs rendered with hydrophobic CH3-MBP
monolayers. Here, the impedance spectroscopy in the presence of I~ ions, instead of
Cl™ ions in the previous series. All the impedance spectra can be well modelled with
the same circuit model for both C1™ and I~ ions. Bulk GaAs electrodes with CH3-MBP
monolayers show excellent electrochemical stability irrespective of the counter anions,
and the current responses of the functionalized GaAs qualitatively follow the same
tendency. However, the absolute pH sensitivity in the presence of I ions, 15 mVpH_l,
is about by a factor of two lower than that in the presence of C1~ ions, 33 mVpH . The
poorer pH sensitivity found in the presence of I~ ions with respect to C1~ ions suggests
that I ions interact ‘'more strongly” to the CH3-MBP monolayer surface than Cl™ ions.
Ion specific adsorption on the surface seems to follow the Hofmeister series, which
reflects the solvation entropy of different ion species. Nevertheless, the calculation of
the total Gibbs free energy at the molecular (microscopic) level involving ions, water

molecules and surface type would be necessary for a quantitative discussion.

In Chapter 7, lipid monolayers were deposited on bulk GaAs electrodes pre-coated
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with CH3-MBP monolayers by fusion of small unilamellar vesicles, and the electro-
chemical properties of supported membranes were studied with impedance spectro-
scopy. Here, a new circuit model that takes the diffusion of ions across the lipid mem-
brane into account is employed to model the experimental results. A successful de-
position of lipid monolayers can be monitored as changes in membrane resistance
(W) and capacitance (Cy;) as a function of time. After reaching to the equilibrium,
the impedance spectra of CH3-MBP-coated GaAs in the presence of a lipid mono-
layer show no sign of drift for more than 3 days, which suggests that the formation
of a defect-free lipid membrane (characterized by a high resistance Wy, ~ 0.5 MQcm?)
further stabilizes GaAs in physiological electrolytes. The possibility for the capacitive
sensing of surface charge densities Q was explored by doping positively or negatively
charged lipids in zwitterionic matrix lipids. Taking this circuit model, the capacitance
of the membrane (C;;, ) and the interface capacitance governed by the semiconductor
space charge capacitance (Cp) can quantitatively identified. In fact, C,, as well as Wy,
is almost independent from Q, C,, = (1.5 & 0.2) pFem ~2 suggesting that changes in the
membrane surface potential do not alter the dielectric constant and the thickness of
the membrane. In contrast, C, shows a systematic dependence on Q, and the plot of
1/ C’% vs. Q, indicates a linear relationship. This result suggests that a supported lipid
monolayer on GaAs can be treated as the electrolyte-insulator-semiconductor (EIS) sys-
tem, so that changes in the membrane surface potential can be detected as shifts of the
semiconductor flat band potential, Ug,. Indeed, 1/ C;% is proportional to Up;,s, from

3 can be calculated. Hence,

which the carrier concentration 1, = 1.1 £ 0.3 x 10" em™
from these two linear relationships, 1/ C’% vsQand 1/ C;% vs Upiss , the charge sensitivity
of the biomimetic EIS system can be calculated to be 1 e~ /18 nm?. As the first attempt
to utilize such a setup to monitor protein functions, phospholipase A, (PLA;) was in-
jected into a electrochemical cell. After 2 h of incubation, the diffusion constant of ions
across the lipid membrane, derived from Wy, increased by 4 orders of magnitude as a

result of enzymatic degradation of phospholipids.

The present work demonstrates that GaAs functionalized with bio-organic molecular
systems opens a large potential in liquid-phase sensor applications, including biosen-
sors. In fact, as demonstrated in Chapter 5, the pH sensitivity of bulk GaAs is almost
identical to that of 2DEG devices. The results obtained in this thesis indicate that the
well defined surface functionalization is the key to achieve an excellent electrochem-
ical stability and a high sensitivity to electrically detect changes in surface potentials

caused by chemical and biochemical reactions.
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The electrochemical stability achieved by functionalizing GaAs with CH3-MBP mono-
layers and, particularly, with lipid monolayers demonstrates the feasibility of GaAs
as a biosensor. Although the sensing of surface potentials and the characterization of
different electrochemical layers is possible by means of impedance spectroscopy, an
assessment of the current status of the 'sensor’ performance would be necessary to jus-
tify further investments. Regardless of this fact, there are still various technical aspects
and fundamental issues on surface physics and chemistry that remain to be exploited.

From the materials side, the high electron mobility of GaAs enables to operate GaAs
devices at low noise and low power. The Fast Impedance Spectroscopy method, de-
veloped by Wiegand [64] on ITO electrodes, can be implemented for time-resolved
impedance spectroscopy with expectedly higher sensitivity. The method would pro-
vide advantageous sensing performance of biophysical systems as it would enable to
resolve events at different electrochemical layers down to the millisecond range.

The advantage of AlGaAs/GaAs Band Gap engineering opens a door to a myriad of
nanoscaled devices. Unfortunately, on nanoscaled surface areas, high resistive electro-
chemical layers, like lipid membranes or MBP on GaAs, limits the electrochemical sens-
ing principle to surface potential sensing (capacitive sensing). In this context, Field-
effect devices are the most suitable rather than bulk GaAs used for impedance spec-
troscopy. The optimization of planar 2-Dimensional Electron Gas, embedded nano-
wires, quantum dots or nanorings devices can benefit from the electrochemical sta-
bility granted by MBP and lipid monolayers. If these nanoscaled devices would be
integrated in a specifically functionalized single chip, it would favour the detection
of small volume, low concentration of analyte, high variety of specificity and high
measurement robustness required for label-free High-throughput screening devices,
important for medical and biological research. On free-standing (not-embedded, dis-
solved in a medium) nanoscaled semiconductor devices (nanowires, quantum dots),

the surface functionalization may provide enhanced biosensing features, as these de-
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vices are smaller than the space-charge region (Isc~ 10nm).

Self-assembled monolayers can also be engineered. For example, crosslinking of MBP
SAM by soft electron beam exposure could enhance the electrochemical stability [104].
Peptides of different lengths, high (even switching) dipole moments and containing
specific receptors may be employed for gas or heavy metal sensing on field effect de-

vices. More complex molecules such as proteins or enzymes may be investigated.

The increase of complexity of the self-assembled (organic) molecules for quantitative
biosensing suggests a precise characterization of the molecular layer. Synchrotron-
based methods can provide valuable information. For example, Grazing Incidence
X-ray Off-Specular diffraction (GIXOS) provides the film thickness, roughness and
electron density profile in short X-rays exposures (in comparison to reflectivity mea-
surements) minimizing a possible damage of X-Rays to the molecular layers. Addi-
tionally, Grazing Incidence Diffraction (GID) makes possible to gain insight of the
2-dimensional crystallographic structure of the molecular layers and therefore quanti-
fying the density of molecules and defected regions. High Resolution X-Ray Photoelec-
tron Spectroscopy (HRXPS) may also be employed to investigate the chemical nature of
the surface and Near Edge X-Ray Absorption Fine Structure Spectroscopy (NEXAFS)
to account for the ordering and density of the monolayer.

The biological phase of the interface can also be prolifically designed, once demon-
strated that lipid monolayers remain stable for more than three days. Lipid monolay-
ers containing different incorporated glycolipids and/or specific receptors adequate to
specifically bind to enzymes, proteins or even particular cells would be the first step to

demonstrate the use of GaAs as a biosensor of biologically relevant systems.
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Appendix

A.1 Physical Characterization X-MBP Monolayers
on GaAs

The family of mercapto-biphenyl molecules with different headgroups was grafted
on GaAs [100] surfaces. For a quantitative characterization of the surfaces, AFM, El-
lipsometry and Contact Angle techniques were exploited. As an addition to former
works where different X-terminated biphenyl-thiols monolayers on GaAs were char-
acterized [27], hereby the effect F- and CF;3- headgroups on the formation of the self-
assembled monolayers is investigated. Halogen groups are thought to affect the elec-
tron density of the thiol group due to their high electronegativity, thereby influencing
the S-As covalent binding on the GaAs surface.

Al11 AFM

To quantify the surface roughness of freshly etched (oxide free) and X-MBP coated
GaAs surfaces (X- stands for any headgroup), AFM topographic scans in tapping mode
were carried out on all samples. The maps for 1 um x 1 um surface area for freshly
etched, F-MBP and CF3;-MBP coated GaAs are presented in figure A.1.

To quantify the surface roughness, the root-mean-square (RMS) of the outcomes, equa-
tion 2.2 on page 12, is computed for all surfaces. The results are summarized in the
following table.
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Freshly Etched

-

—2nm

Figure A.1: Tapping mode AFM images of Freshly Etched, CF3-MBP and F-MBP coated
GaAs surfaces. The RMS roughness was quantified by scanning over 1 x 1 um? surface
areas. For freshly etched, RMS = 2.8 A, for CF3-MBP 3.0 A and F-MBP 3.2 A.

Surface RMS Roughness
coating (A)
Native Oxide 2.3
Freshly Etched 2.8
H-MBP 3.6
CH3-MBP 3.1
OH-MBP* 3.4
F-MBP 3.2
CF3-MBP 3.0

The RMS roughness of the native GaAs was increased after the oxide stripping by
HCl from 2.3 A to 2.8 A. Nevertheless, the roughness of the samples with a molecular
layer averaged 3.3 A. To test the effect of the solvents in the grafting reaction, a freshly
etched GaAs was immersed into a reactor without molecules. In this case, the resulting
roughness was comparable to the freshly etched shown on table. Despite the slight
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increase of roughness by depositing the molecular layer, the coated surfaces suggest to
be formed by ordered molecular monolayers. (* these measurements were carried out
by K. Adlkofer [105])

A.1.2 Ellipsometry

Ellipsometry was employed to measure the thickness of the self-assembled molecular
layer. For this reason, initially, the freshly etched GaAs optical parameters (15,45 and
kGaas) were extracted by ellipsometry. These optical parameters are obtained by mea-
suring the ellipsometric parameters (A and ¥) on an air/GaAs interface. It is worth not-
ing, for GaAs ng, s and kg,4s were very sample dependent. To account for the thick-
ness of the added organic molecular layer, Ag ) and Y54 of the air/SAM/GaAs sys-
tem was measured. For organic molecules, ngan = 1.5, ksap = 0 was assumed (usual
values for organic molecules) [106]. Introducing Asap, Ysam, nGaas, KGaas, Nsapm and
ksanm into the non-linear equations of ellipsometry (see section 2.3.2), the thickness of

the organic layer could be acquired. The results are presented on the next table.

Molecule | Thickness (A)
H-MBP 11
CH3-MBP 10
OH-MBP* 12
F-MBP 10
CF;-MBP 11

Homogenous thicknesses were obtained with different mercapto-biphenyls. Provided
that the length of the molecules is ~ 11.5 A (see section 2.1.1), the results indicate that
the molecular layer forms a molecular monolayer. (* these measurements were carried
out by K. Adlkofer [105])

A.1.3 Contact Angle

Contact angle measurements are performed to all different X-terminated biphenyl-
thiol to account for the surface free energy. The Owens and Wendt’s method was used
after measuring the static contact angle of water (H;0O), diodomethane (CH»I,) and
glycerol (C3HgO3). Although the method only requires too make use of two different
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liquids, here three liquids were employed to confirm our observations. The following

table summarizes the contact angle outcomes. *

Static Dynamic

Surface || Water Diodomethane Glycerol | Advancing Receding
Freshly Etched || 41° 18° 41° 46° 17°
H-MBP | 77° 34° 70° 85° 62°
CH3-MBP || 77° 46° 71° 89° 63°
OH-MBP | 60° 26° 43° 64° 26°
F-MBP | 71° 32° 67° 88° 59°
CFs-MBP | 80° 40° 70° 88° 74°

By introducing the data to Owens and Wendy’s equation, eq. 2.3 of page 13, the surface
free energy for each organic monolayer was calculated. The results are presented in the

following table.
Total Surface  Dispersive Polar
free Energy component component
v [mNm™'] 9, [mNm~'] 7, [mNm']
Freshly Etched 54 27 27
H-MBP 41 37 3
CHj3-MBP 36 31 5
OH-MBP 50 37 13
F-MBP 42 37 5
CF3-MBP 39 35 3

Different surface free energy were obtained by functionalizing GaAs surface with the
different mercapto compounds. CHz-MBP monolayers on GaAs show the highest ad-
vancing and receding water contact angles. Furthermore, CH3-MBP surfaces have the
lowest total surface free energy and the lowest polar component of the surface free en-
ergy p- This indicates that, of all different molecules, CH3-MBP is the most suitable to
make GaAs surfaces hydrophobic.

In conclusion, the halogen components of the headgroupd forming F-MBP and
CF3-MBP molecules do not affect the kinetics and the quality of the self-assembled
monolayers on GaAs (to our sensitivity limit). The quality of the films is comparable
to the one formed by the rest of the MBP family.

*The data of Dynamic contact angle are shown for completeness but, in this section, are not used to
calculate the surface free energy.
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A.2 Electron Transfer between Redox Couples and Semi-

conductors

As demonstrated by Memming [107], electron transfer between a semiconductor and
a redox system can only take place between levels of the same energy. Thus, it is nec-
essary to set the energy of the redox couple with respect to the semiconductor band
structures. This is done by means of a reference electrode. In this way, the Fermi level
of semiconductor can be related to the standard redox potential of the redox couple
through the standard Columel potential [108]. Fig. A.2 shows the relationships be-
tween GaAs bands and different redox couples [43]. The scale-bar indicates the energy
in [eV] with respect of the Ag/AgCl reference electrode. By applying an additional ex-
ternal bias potential (Uy;,s), E. and E, move accordingly with respect to the electrolyte
potential. For positive changes of Up;,s, the semiconductor bands move downwards.

Gerischer [44] and Marcus [53] developed a theory of the electron transfer currents
between semiconductor and redox pairs. Different currents may arise. For example,
anodic currents (electrons entering the semiconductor) occur if oxidation of reduced
electrolyte species through the conduction band (involving electrons) or reduction of
the oxidized species through the valence band (involving holes) takes place. In the
framework of this theory, the interfacial currents for the conduction band (c) and the

valence band (v) can be written as
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]j_ = eh:_NCCred ]C_ = ekc_nscox (Al)

]Z—)’_ == ehg_N'z)Cox ]U_ == ek;pscred.

Here, N and N, represent the effective density of states (cm~3) at the conduction and
valence band, respectively, c,,; and coy the concentrations of the reduced and oxidized
species of the redox couple (cm~3), respectively, and k; is the electron or ; is the hole
exchange rate constants (cm* s~1). n5 and pj are the surface concentrations of electrons
and holes of the semiconductor, respectively.

As the number of available electrons and holes at the surface depends on the band

bending, ¢pp, given the Boltzmann distribution,

Semiconductor Electrolyte

Figure A.3: Scheme representing different physical parameters involved in interfacial
electron transfer between redox couple and conduction band of a semiconductor. Set
by the Uy;,s potential vs a reference electrode, the conduction band of the semiconduc-
tor and the redox couples are brought in a defined energetic relationship. The overlap-
ping (convolution) between the density of states of electrons in the conduction band
(np) and the density of states of the redox couple in the oxidized (Woy) or reduced (W)
states determines the current density across the interface. Anodic currents density (j)
occurs when reduced ions of redox couple (W,;) transfer electrons to the semiconduc-
tor. Cathodic current density (j. ) arises when oxidized ions are reduced by electrons
of the semiconductor. Analogous physics occurs at the valence band. There, the ex-
changed carriers are holes instead of electrons.
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ny = nge” 1" ps = poe A" (A2)

where 1y and pg are the bulk concentrations of electrons and holes, determined by the
doping level and

¢BB = Upias — Uy

the final current will exponentially depend on the bias potential Uy, or the flat band po-
tential Uy,. Theoretically, 60 mV /decade (of current) is the maximum response achiev-
able, i.e. the Nernst response.

Nonetheless, electron-transfer reactions do not change the band bending ¢gg. In cases
where electron-transfer reaction is experimentally observed to change the band bend-
ing, the structure of the Helmholtz layer must be modified either by charging the sur-
face, changing the polarity or modifying the density of the surface states [51].

The predictions of the theory rely on the stability and reversibility of the interfacial
processes. Irreversible electrochemical reactions may involve the bands of the semi-
conductor and the surface states, as well. Nevertheless, in irreversible processes, the
states of the semiconductor bands, surface states and the energetic relation between
ion species and the semiconductor might be undefined. Therefore, the applicability of

the presented theory is valid mainly for reversible processes.

A.3 Lipid Bilayers on GaAs coated with OH-MBP Mono-

layers

Impedance spectroscopy is used to investigate the formation and the properties of lipid
layers on GaAs coated with OH-terminated biphenyls. As shown on the contact angle
data A.1.3, monolayers of OH-MBP molecules exhibit the highest polar component of
the surface free energy of the family of MBP molecules, indicating the highest degree
of hydrophilicity. This is why, these monolayers are the most promising candidates for
the formation of lipid bilayers on bulk GaAs electrodes.
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Experimental Procedure

Analogously as done on chapter 7, the stability of the GaAs electrodes coated with
OH-MBP monolayers was checked by impedance spectroscopy over a wide frequency
range (100 kHz - 100 mHz). Equivalent circuit "Model A’ of chart 7.1 fitted the entire
impedance spectra with errors below 2%. The electrochemical stability was confirmed
as the total interface resistance (Rp) and the total interface capacitance (C,) remained
constant at R, = 1.3 £ 0.05 MQ) cm? and Cp,=138 pFem—2 for more than 6-8 hours at

the current minimum potential Up;gs j—o = -400 mV.

Separately, unilamelar vesicles of 60 mol% of neutrally charged lipids (DMPC) and
40 mol% Cholesterol were prepared as described on section 2.2.4. The lipids were
mixed and sonified in 10 mM PBS and 100 mM NaCl electrolyte to form unilamelar

vesicles.

Results and Discussion

Figure A.4 shows the Bode plot of the impedance spectrum of the GaAs surface coated
with OH-MBP monolayers in contact with the electrolyte (blue, +). The solid line de-
picts the result of the non-linear fit of the experimental data with Model A of chart
7.1 on page 74. In this case R, =4 MQcm? and C, = 1.8 pFem 2. On the same figure
A4, the impedance spectrum of the interface after depositing the lipid layer on the
OH-MBP coated GaAs surface are also depicted (blue, o). Model B of chart 7.1 was
employed to account for the electrical properties of the lipid layer. The continuous line
is the result of the fitting, too. In numbers, the R, =2.5 x 10° Qcem?, Cp,=23 pFem—2,
Rpr =9.1 x 10> Qcm?, Cyy = 0.79 pem =2, Wy, = 9.3 x 10* Qem?.

The lipid membrane capacitance Cy, (see chapter 7 for proof) was the half of the one ob-
served for a lipid monolayer on section 7.1. In fact, if €, = 2.2 (usual for lipid molecules),
the thickness of the lipid layer is d,,, = 24 A, indicating that the lipid layer is a lipid bi-

layer.

Nevertheless the electrochemical stability of the surface was limited. The Warburg re-
sistance could not be kept constant after some hours and the quality of the
OH-MBP monolayer/GaAs system were gradually degraded (data not shown). The
samples were stable for 2-4 hours. There are several reasons for it. First, the electro-
chemical stability of GaAs coated with OH-MBP monolayers was sensibly lower than
CH3-MBP monolayers on GaAs. This is is caused by the poorer quality of OH-MBP
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Figure A.4: Impedance spectra (Bode Plot) of before (blue, +) and after (black, o) lipid
layer deposition on GaAs electrodes coated with OH-MBP monolayers. The impedance
spectrum were taken at Uy;,s = -400 mV and non-linearly fitted with the equivalent
circuits shown in figure 7.1. For lipid-free surface, Model A was employed (blue). For
lipid coated surface Model B (black) yielded a membrane capacitance of C,, = 0.79
pem 2, which corresponds to the capacitance of a lipid bilayer.

monolayers with respect to CH3-MBP monolayers. And secondly, lipid bilayers re-
quire being in contact with water at both sides of the layer, as lipid bilayers are formed
mainly thanks to the hydrophobic force.

A.4 Salt Concentration Sensitivity on 2DEG Devices coated
with CH3;-MBP Monolayers

Sensing of salt concentration measurements on 2DEG devices coated with CH3-MBP
monolayers were carried out to provide supporting arguments to the charging mecha-

nism responsible for the pH sensitivity of section 5.2.

Experimental Procedure

The experiment consisted in measuring, as a function of the electrolyte pH, the changes
of surface potential caused by changes of salt concentration. To stabilize the electrolyte
pH, 1 mM PBS was added to all solutions. The set of different solutions consisted of
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Figure A.5: Raw data showing the response of the Sheet resistance (Ry;) of the 2DEG
devices coated with CH3-MBP monolayers to changes of NaCl concentration in the
electrolyte at different pH values and at Up;,; = -400 mV. The arrows indicate the mo-
ment of the new salt concentration injection and the last value taken to average Rgj,.
Three series of 3 mM, 10 mM, 30 mM, 100 mM, 300 mM and 1 M of NaCl were injected
atpH 7,3.30 and 5.1, in sequence on the same sample. To demonstrate the reversibility
of the experiment, the last measurements are performed at the initial 3 mM NaCl. The
clear influence of the pH to the response upon changes of salt concentration indicates
that the surface charging mechanism is controlled by the pH.

1 mM, 3 mM, 10 mM, 30 mM, 100 mM, 300 mM, and 1 M of NaCl for every pH. As
changes in salt concentration shift the electrolyte pH (see equation 2.1), the correspond-
ing solution was titrated with either HCl or NaOH to reach the desired pH.

Experimental Observations and Discussion

Figure A.5 shows the response of Ry, as a function of time for a set of 3 experiments on
the same sample. The salt concentration was changed in sequence at a fixed pH. Each
set of Ry, vs time corresponds to fix pH value. Each plateau reflects the value of Ry
that achieved at 3 mM, 10 mM, 30 mM, 100 mM, 300 mM and 1 M of NaCl in sequence.
To check the reversibility of the experiment, the first salt concentration condition (3
mM of NaCl) was tested in the end. The same sample was examined at pH =7, 3.3 and
5.1 (in this order). The arrows mark the moment at which the new salt injection took
place and the last measuring point was taken. As a sensible drift occurred at high salt

concentration (1 M NaCl), this measurement is not considered.

As discussed in section 5.2.2, the stability of the 2DEG device ensured that changes in
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Ry, corresponded to changes of surface potential. To quantify the changes in surface
potential caused by the salt concentration, a potential sweep calibration curve was
carried out (data not shown), that yielded a slope of 1.79 + 0.2 kQV~!, regardless of
the pH and the salt concentration.
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Figure A.6: Relationship between the surface potential, ¢, and NaCl concentration on
2DEG devices coated with CH3-MBP monolayers. The spots correspond to the average
of the experimental data extracted from figure A.5 with its corresponding errors. The
continuous lines correspond to the fitting the experimental data with equation A.3. The
model supposes that the surface charge density ¢; remains constant irrespective to the
salt concentration. The resulting values of ¢; are presented in the box.

Figure A.6 depicts the relationship between salt concentration and surface potentials
(dots) at different pH of the electrolyte, extracted from Fig A.5. For pH = 3.3, the surface
potential was less affected by the changes in salt concentration than for pH = 7.0. This
indicated that at pH = 3.3 the surface was closer to the point of zero charge than at
pH=7.0.

To gain further insight to the charging mechanism observed on the salt dependent mea-
surements, the present experimental data (dots on figure A.6) were fitted with different

models.

Supposing that the electrostatic ion-ion and ion-surface interaction is dominant and
considering that the chemical potential remains constant all over the electrolyte
(Poisson-Boltzmann theory), the Graham equation
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NI—=

1= VEeeaRTsinh (545 (M) + (D2 ]2+ ) (A2

provides the relationship between the 15 ({-potential), the salt concentration of mono-
valent (M*) and divalent (D?*) ions, and the total charge density of the surface, c;.
Note that the measured surface potential with the 2DEG devices, 15, may differ from
the (-potential because of the presence of adsorbed ions at the Stern layer (see figure
3.3).

In addition, because of the charge neutrality, the charge densities must fulfil

i

——
Udif fuse + 0a4s + 00 = 0. (A4)

Here 0yi¢fus. is the total charge of the Gouy-Chapman layer and 0,5 the charge of the
Stern layer. oy consists, in principle, of the sum of the charge density of the semicon-
ductor and the charging originated by the pH. To relate the surface potential 1y with
the salt concentration, ¢; needs to be derived.

As a first attempt to theoretically quantify o;, the site-binding model that accounts for
the protination and deprotination of the possible GaAs oxides at the defects of the self-
assembled monolayer was employed [78]. To conveniently model the surface charge,
the SAM’s defect density on GaAs (effective surface area), the reactivity constants of
bare GaAs with the aqueous ions of the electrolyte, K, and K}, (described in equations
5.3 and 5.4) need to be known. Regardless of the fact that these values are, up to our
knowledge, experimentally unobtainable and that such mechanism would induce elec-
trochemical instability, the model could not fit the tendency of the data presented in
Fig. A.6 [32], even by inserting different set of values for each parameter. Positive sur-
face potential arose from the existence of positive charge densities. In conclusion, the
result provides a supporting argument to discard the protination-deprotination reac-

tion as a charging mechanism.

The second scenario is based on the adsorption of ions on the Stern layer. The Stern
Layer is formed by the adsorption of ions on the surface either by electrostatic interac-
tion or specific adsorption, as described by the Stern Model [46]. The model provides
the charge density of adsorbed ions, 0,4 (equation 3.4 on page 23). Even though this
term was not included into the charge balance equation (eq. A.4), the experimental
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data of figure A.6 could not be fitted, either.

Surprisingly, the experimental results of figure A.6 could be fitted when the surface
charge o; was considered to remain constant and independent to the salt concentration.
The fitting from this model are represented by the solid lines of figure A.6, from which
the total surface charge density, 0;, is extracted for each pH value (inset of the figure).

In fact, Ohki et al. [109] demonstrated the correct prediction of the Stern model in ac-
counting for the aggregation of charged vesicles as a function of the salt concentration,
or Eisenberg et al. [110] in quantifying the adsorption of cations on negatively charged
lipid membranes. On solid surfaces, Rossetti et al. [111] made use of the predictions the
Stern model to influence (through the presence or absence of Ca?" ions) the attraction
and/or repulsion between TiO, and negatively charged lipid vesicles to the surface.
In addition, on H-terminated diamond surfaces (hydrophobic), Hértl et al [9] claim
the validity of the Stern model by demonstrating a direct correlation between surface
potentials (1s) measured on diamond-based field effect transistors and {-potentials by

electrokinetic measurements.

The reason for such discrepancy between the model and the experimental observations
is not straightforward. This result would mean that there is a strong charge contribu-
tion op from an unconsidered effect that dwindles any possible changes of 0,4 (Stern
Model) to negligible. Different causes can be attributed. Firstly, the model employed to
tit the data did not account for the potential drop across the Stern layer. Secondly, the
constant drift obtained in our experimental measurements (Fig. A.5) made impossible
a precise quantification of the surface potential. And thirdly, additional counter ions
could be adsorbed through an unaccounted mechanism. Although the effect of salt
concentration is evident, a more developed ion adsorption model, further simulations
and an improved performance of the 2DEG device are necessary to better understand
the current problem.
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