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Zusammenfassung

Thema der vorliegenden Arbeit ist die Charakterisierung von Gruppe III–Nitrid
Nanostrukturen für eine mögliche Anwendung als nanophotonische Sonden in der
biochemischen Sensorik.

Konkret handelt es sich dabei um Nanodrähte (NW) bestehend aus Gallium Ni-
trid (GaN) bzw. Indium–Gallium Nitrid (InGaN). Die NW wurden mittels plasma–
unterstützter Molekularstrahlepitaxie (PAMBE) auf hoch leitfähigen Silizium(111) Sub-
straten in einem selbstassemblierten Wachstumsprozess hergestellt.

Die elektrochemische Charakterisierung der NW wurde mittels Impedanzspek-
troskopie und zyklischer Voltammetrie durchgeführt. In allen Experimenten, die im
Elektrolyten durchgeführt wurden, war die NW–Probe in einer Drei–Elektroden–
Konfiguration als Arbeitselektrode beschaltet. Als Standardelektrolyt diente eine
physiologische Salzlösung (10 mM PBS). Die Extraktion der elektrochemischen Gren-
zflächenparameter Oberflächenwiderstand RS und Oberflächenkapazität CS wurde
durch den Vergleich mit elektrischen Ersatzschaltbildern (EEC) möglich.

In einem weiteren Schritt wurden die n.i.d. NW mit NW, die mit Silizium bzw. Mag-
nesium dotiert waren, verglichen. Dabei zeigte sich, dass die Dotierung mit Silizium
eine Erhöhung der Oberflächenkapazität CS um mehr als eine Größenordnung be-
wirkt, während der Wert für RS kontinuierlich absinkt.

Die Dotierung mit Magnesium führte lediglich zu einer geringen Erhöhung des
Oberflächenwiderstands kombiniert mit einer minimalen Verringerung der Ober-
flächenkapazität. Aus dem beobachteten Verhalten konnte der Übergang zur voll-
ständigen p–typ Leitung im ND ausgeschlossen werden. Messungen der offenen
Klemmspannung hingegen zeigten, dass es vor allem bei NW mit hoher Magnesium–
Konzentration ([Mg] > 1020 cm−3) zur Ausbildung von Bereichen kommt, die p–typ
charakteristisches Verhalten aufweisen.

Eine Unterteilung der NW gemäß ihrer elektrochemischen Parameter (CS, RS)
erfolgt in zwei Gruppen: Die erste Gruppe, als "conductive" bezeichnet, zeichnet
sich durch einen großen Wert CS (> 10−5 F cm−2) und einen niedrigen Wert RS (<
10−7 Ω cm2) aus. Die zweite Gruppe, welche als "resistive" bezeichnet wird, wird
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repräsentiert von erniedrigten Werten für CS und erhöhten Werten für RS.

Physikalisch bedeutet dies, dass die NW der "resitive" Gruppe komplett von freien
Ladungsträgern verarmt sind. Die von den Oberflächenzuständen hervorgerufene
Raumladungszone schließt in diesem Fall das komplette Drahtvolumen ein. In NWs
der Gruppe "conductive" findet sich im Zentrum ein Bereich, in dem Leitungs– und
Valenzband ihr Bulkniveau erreichen. Dieser Bereich (leitender Kanal) ist feldfrei
und bewirkt, dass größere Volumina des NW zur Bildung der Oberflächenkapazität
beitragen. Dieser Effekt kann entweder durch eine Erhöhung der n–Typ Dotierung
oder durch eine Vergrößerung des NW–Durchmessers erreicht werden. In beiden
Gruppen von NW ist zudem aufgrund der inhomogenen Dotierkonzentration und
der lateralen Aufweitung der Drähte von einem sich axial verändernden Bandprofil
auszugehen.

Das präsentierte Modell wurde durch die Messung des Ladungstransfers in das
Redoxpaar (Fe2+/Fe3+) mittel zyklischer Voltammetrie, welcher nur bei NW aus der
Gruppe "conductive" beobachtet werden konnte, unterstützt.

Eine weitere Bestätigung der Bandprofilinterpretation wurde durch Anlegen einer
externen Spannung und deren Einfluss auf die elektrochemischen Parameter erre-
icht. Es zeigte sich, dass für alle untersuchten NW der "resistive" Gruppe eine Er-
höhung von CS und eine Verringerung von RS durch Anlegen einer kathodischen
Spannung erreicht werden konnte. Beides ist mit einer Verkleinerung der Raum-
ladungszone durch die Spannung zu erklären. An der NW Probe mit der höch-
sten Silizium–Konzentration konnte bei Anlegen einer anodischen Spannung der
umgekehrte Effekt, nämlich eine Verringerung von CS und einer Erhöhung von RS,
gezeigt werden.

Des Weiteren wurde die Photolumineszenz (PL) der Nanodrähte im Elektrolyten
bei Raumtemperatur untersucht. Dabei zeigte sich, dass die Intensität der von
den NW herrührenden PL auf extern angelegte Spannungen und den pH–Wert
des Elektrolyten reagiert, wobei die energetische Position und die Halbwertsbreite
(FWHM) konstant blieben. Eine Erhöhung des an den NW vorliegenden Potenzials
in kathodischer Polarität führte zu einer Erhöhung der PL–Intensität bei konstantem
pH. Durch das Absenken des pH Wertes in den sauren Bereich bei konstant gehal-
tener Spannung wurde ebenfalls eine Erhöhung der Intensität erreicht. Es zeigte
sich, dass die offene Klemmspannung unter Beleuchtung ein Referenzpotenzial für
die stabile PL–Detektion darstellt.

Die Spannungs– und pH–Abhängigkeit der PL–Intensität wurde auf Grundlage
des in der Literatur bekannten "Dead Layer Models" für Schichten beschrieben.
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Dabei wurde die PL–Intensität als Verhältnis zwischen strahlender Rekombination
im Bulk und nicht strahlender Rekombination an der Oberfläche bezeichnet. Das
Anlegen einer kathodischen Spannung führt zu einer Verringerung der Oberflächen-
bandverbiegung und erhöht damit die strahlende Rekombinationsrate. Um das
Modell an die veränderten Bedingungen bei den im Rahmen dieser Arbeit unter-
suchten NW anzupassen, wurde eine sich entlang der NW Wachstumsachse verän-
dernde Oberflächenbandverbiegung in Form einer sich exponentiell verringernden
Flachbandspannung Ufb, berücksichtigt. Durch die Erweiterungen des Modells kon-
nten die Messdaten deutlich besser wiedergegeben werden. Die in diesem Rahmen
ebenfalls untersuchten Auswirkungen der Siliziumdotierung auf die PL können als
Folge des Models mittels einer insgesamt kleineren Breite der Raumladungszone
verstanden werden.

Einer der vorgeschlagenen Mechanismen für nicht strahlende Rekombination, der
Grenzflächentransfer eines photogenerierten Loches in das Redoxpaar OH−/OH·
des Wassers, wurde in weiteren PL–Messungen in einer ionischen Flüssigkeit block-
iert und somit indirekt bestätigt.

Als Ausblick wurden die Auswirkungen der Magnesiumdotierung auf die PL
Eigenschaften untersucht. Dabei zeigte sich prinzipiell ähnliches Verhalten der PL
auf Änderung der Spannung bzw. des pH–Wertes. Eine zusätzliche, von der Mg–
Konzentration abhängige, zweite Lumineszenz konnte einer Donator Akzeptor Paar
Rekombination (DAP) zugeschrieben werden, die wie die Bandkantenemission des
GaN auf Spannungs– und pH–Änderungen reagiert. Das Verhältnis der beiden
Emissionsintensitäten hängt dabei stark vom lokalen NW–Durchmesser ab.

Aufbauend auf den Ergebnissen zur pH–abhängigen PL–Intensität von GaN NW
wird in dieser Arbeit ein mögliches Sensorkonzept vorgestellt. Hierzu wurde aus
den Spannungs– und pH–abhängigen Messungen eine optische Transkonduktanz er-
mittelt, welche die Definition eines Sensorarbeitspunktes in Abhängigkeit des zu
erwartenden pH–Intervalls erlaubt. Außerdem wurden die Wiederholbarkeit, die
Ansprechzeit sowie die Sensitivität einer möglichen Anwendung als optischer Sig-
nalwandler zur pH–Ermittlung untersucht.

In zwei die prinzipielle Funktion prüfenden Untersuchungen "proof of principle"
wird die Detektion einer pH–Änderung, hervorgerufen durch enzymatisch umge-
wandeltes Penicillin–G in Penicillinsäure und deren anschließende Dissoziation,
mittels GaN und InGaN/GaN NW vorgestellt.
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Chapter 1

Introduction

In the presented work the electrochemical and photoelectrochemical properties of
Gallium Nitride nanowires with respect to possible sensor applications were inves-
tigated. In particular the material Gallium Nitride as representative of the group
III–nitrides is characterized by chemical inertness. Nanowires are one example for
the group of novel nanostructures which gained significant interest during the last
decades. Several sources proclaim that nanotechnology, which deals with structures
with sizes in the nm regime, is one of the most promising technologies of our cen-
tury [1].

So far many basic properties of nanostructures in general and nanowires in par-
ticular remain unclear, even if specific enhancing factors of such structures e.g. large
surface to volume ratio, are exploited in various fields. Kikuchi et al. [2] presented
device structures based on nanowires for optoelectronics and light emitters. Al-
though the presented efficiency was very low the optimization potential is believed
to be very high. Additionally, great improvements could be reached in nanoelec-
tronics [3] and in the field of photoelectrochemical water–splitting [4], where due
to the high surface to volume ratio GaN NWs have been found to show superior
performance compared to thin films or submicron dot arrays [5, 6]. Especially the
large surface to volume ratio is beneficial for all surface related processes which
are of great importance in sensor applications like bio–chemical sensors [7, 8] or, in
combination with an optical readout as transducers for gaseous detection [9].

Historically, the growth of semiconductor nanowires goes back to the first re-
ports of freestanding semiconductor nanostructures in 1964 by Wagner and Ellis
[10], who reported the growth of silicon nanowires by the vapor–liquid–solid (VLS)
method with gold seeds as catalyst. Almost 30 years later the group of Calleja et
al. [11, 12, 13] established the growth of Gallium Nitride nanowires by molecular beam
epitaxy (MBE) in a self–assembled process under Nitrogen–rich conditions without
any additional catalyst. These nanowires grow fully relaxed [14] and exhibit the
same lattice parameters (a, c) as bulk Gallium Nitride crystals [15]. Additionally,
the nanowires grow with a high crystalline quality which means that the density of
structural defects is very low. This makes them an ideal model system to study the
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effect of size reduction on the basic material properties.
The presented thesis focuses on three central issues:

• The electrochemical examination of GaN NWs by impedance spectroscopy
and cyclic voltammetry and the subsequent characterization with respect to
the extracted electrical parameters according to electrical equivalent circuits

• The photoelectrochemical examination of the photoluminescence response of
GaN and InGaN/GaN NWs under controlled bias and pH conditions

• Experiments demonstrating the capability of detecting an enzymatic induced
pH change with the three electrode configuration proposed here with the NW
ensemble as an optical transducer

A review of the prerequisite theoretical background for the semiconductor GaN
NWs with a focus on the band structure description and the electrolyte is provided
in chapter 2. At the end of the chapter, ionic liquids as alternative electrolyte are
introduced.

At first, in chapter 3 the growth and structural properties of the investigated GaN
NWs are introduced before in the main part the specifically designed experimental
setups for electrochemical and photoelectrochemical analysis as well as the used
characterization techniques are presented and discussed.

In chapter 4, the results of the electrochemical characterization of the GaN NWs
are presented and compared to the Si substrate. A model that explains the relation
of the electrical parameters to the band structure within the nanowires is presented
and discussed in terms of doping and NW diameter.

Chapter 5 deals with the detailed photoelectrochemical characterization of the
GaN nanowires. The "dead layer" model for semiconductors is presented and ex-
tended for the application to the NW geometry. Further experiments that confirm
the "extended dead layer" model are realized in the form of doping–dependent op-
tical measurements and with water–free ionic liquids as electrolyte.

In chapter 6, the mechanism of a bias– and pH–dependent photoluminescence is
further discussed in terms of a possible application as pH sensor. Therefore, the
sensing mechanism is examined with respect to reproducibility, response time and
maximum achievable sensitivity. Finally first detections of an enzymatically pro-
duced pH change using the here presented GaN and InGaN/GaN NWs are pre-
sented.
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Chapter 2

Physical Chemistry at the Gallium
Nitride/Electrolyte Interface

The systematic analysis of the solid / liquid interface started with Hermann von Helmholtz at
the end of the 19. century. He introduced a simple capacitor model for the electrical double–
layer forming between the solid surface and the adjacent electrolyte [16]. In the following
years Louis Georges Gouy and David Chapman found a diffuse layer of charge present on
the electrolyte side of the interface [16]. In 1924, both of these approaches were unified into
the Gouy–Chapman–Stern model by Otto Stern [17].

The first part of this chapter (2.1) deals with the semiconductor side of the interface rep-
resented by the semiconductor Gallium Nitride. The basic electrical properties of the semi-
conductor surface will be reviewed briefly in terms of the corresponding band profiles. Also,
the optical examination method of photoluminescence spectroscopy is introduced. Special
emphasis is put on the luminescence properties of Gallium Nitride in general and on the
luminescence of GaN nanowires in particular.

In the second part of this chapter (2.2) the electrolyte consisting of ions and water molecules
will be discussed [16, 18]. Also, the special issue of non–aqueous electrolytes will be dis-
cussed as possible substitution to water–based electrolytes.

In the final part of this chapter (2.3), the actual interface region with the potential distribu-
tion across the semiconductor and adjacent electrolyte is discussed. Special emphasis is put
on the influence on the band profile related to an externally applied bias or pH changes. In
this context the effects of surface states and specific adsorbates on the potential distribution
and charge transfer are discussed.

2.1. Material Properties of Gallium Nitride Nanowires

The semiconductor Gallium Nitride (GaN) and the Gallium Nitride Nanowires (GaN
NWs) crystalize in the hexagonal wurtzite structure [19]. The differences in elec-
tronegativity of the Ga–atom (1.6 eV) [19] and N–atom (3.0 eV) [19] in combination
with the specific lattice structure lead to a resulting dipole moment in the direction
of the c–axis [0001]. As a result of the remaining polarization–induced electrical
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2.1 Material Properties of Gallium Nitride Nanowires

charges, strong electric fields are present along the c–axis. These electric fields are of
special interest in the context of heterostructures like quantum wells [20, 21], quan-
tum discs [9, 22] or quantum dots [23, 24] but have no impact on the experiments of
this work and consequently will not be further addressed here.

2.1.1. Band Structure

The band structure of GaN has been discussed in various textbooks [25, 26]. In the
following, a brief review of some fundamental aspects essential for the subsequent
discussion is presented. The shape and evolution of the band profile is identified as
a determining parameter for the electrical and optical properties of the GaN NWs
which will be discussed in the results of chapter 4 and 5.

In the ideal case of an intrinsic semiconductor at T = 0 K all states in the valence
band (VB) are filled and all states in the conduction band (CB) are empty. For GaN
the band gap has the value of Eg = 3.41 eV [27]. In this case depicted in Figure 2.1
(ii), the Fermi energy (EF) is at mid–gap. φ is the work function and χ the electron
affinity. The influence of doping on the band profile is also illustrated in Figure 2.1
for a p–type (i) and a n–type (iii) semiconductor. Due to the presence of donors and
acceptors at the respective energy levels ED and EA the position of EF is altered.
At T = 0 K these states are not ionized. For elevated temperatures the Fermi–Dirac
distribution leads to a population of empty states and the ionization of dopants.

The surface of any semiconductor is characterized by the abrupt breaking of lat-
tice symmetry resulting in additional electronic states called surface states. These
states originate from dangling bonds of unfilled valencies of surface atoms, structural
defects, or the formation of an oxide layer [28]. Their energy levels generally have
a broad distribution on the energetic scale. Of special interest are the surface states
that are located in the forbidden energy gap. In an equilibrated state these ener-
getic levels are occupied by majority carriers up to EF. These states are indicated in
Figure 2.1 (iv) and (v).

As a consequence, the band profile at the surface differers significantly from the
band profile in the bulk. In case of n–type (v) (p–type (iv)) doping an upward
(downward) surface band bending (SBB) is the result of majority charge carrier de-
pletion in the vicinity of the surface. This so–called space charge region (SCR) with
a spacial extension denoted by WSCR is formed due to the filling of surface states
up to EF. The charge separation into majority carriers in surface states and the re-
maining ionized dopant atoms causes an electric field in this region. The electric
field strength in the SCR can amount to values (> 103 Vcm−1), implying an effective
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Chapter 2: Physical Chemistry at the Gallium Nitride/Electrolyte Interface
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Figure 2.1.: Upper part: Energy levels in the bulk of an undoped semiconductor (ii)
a p–type semiconductor (i) and a n–type semiconductor (iii); Lower part:
Band bending at the surface of a p–type semiconductor (iv) and a n–type
semiconductor (v).

barrier for electrons (holes) to reach the surface of a n–type (p–type) semiconductor.
The width of the SCR can be calculated according to [19]

WSCR =
√

2 · εsc · ε0

e ·N
· Vfb (2.1)

εsc as the relative static permittivity of the semiconductor, ε0 the electric constant
of the vacuum and N the donor or acceptor impurity concentration ND (n–type) or
NA (p–type) and Vfb is the flat band or built–in potential. The value of Vfb depends
on the density and the exact energetic position of the surface states as well as the
doping concentration.

Electrons in an n–type or holes in a p–type semiconductor trapped in surface
states do not contribute to electric conduction inside the semiconductor [19, 29].

Going to NW geometry transforms a system from a bulk crystal with normal sur-
face into a surface with negligible bulk. Each single NW is characteristically influ-
enced by its SBB arising from its surface states. According to Calarco et al. [30],
the diameter d of the NWs is the crucial parameter for the resulting band profile.
Depending on the NW diameter, three different classifications with respect to the
resulting depletion layer thickness WSCR are possible.
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2.1 Material Properties of Gallium Nitride Nanowires

V
fb V

fb

*

Figure 2.2.: The correlation between NW diameter and corresponding SBB according
to [30].

Figure 2.2 shows the dependence of the SBB on the diameter d for three different
NWs with an assumed constant n–type doping concentration. In the case of NWs
with larger diameters, a "bulk–region" in the center of the nanowire exists. This
channel like region extends along the growth axis. A decreasing diameter implies
that less material and consequently less donors are available to achieve filling of
surface states. When the NW diameter equals the critical diameter d = dcrit, the wire
is completely depleted with the SBB extending across the complete NW diameter.
For an electron located in the center of the wire the barrier height Vfb in this case is
similar to the one an electron experiences at the surface of a bulk crystal and can be
calculated with in one dimension with Eq. 2.2.

Vfb = eNDd
2
crit/16 · εsc · ε0 for d > dcrit (2.2)

Below a critical diameter dcrit the SBB covers the complete wire but the value of
V ∗fb cannot reach its predicted value Vfb. As a consequence, the barrier height for
electrons located at the center is lower in this case V ∗fb < Vfb.

V ∗fb = eNDd
2/16 · εsc · ε0 for d < dcrit (2.3)

The Fermi–level pinning of bulk c–plane GaN has a value of Vfb ≈ 0.5 – 0.6 eV [31].
Assuming a background n–type doing concentration of around 1017 cm−3 the exten-
sion of WSCR should be between 50 and 100 nm [30]. In [30] the authors extracted
dcrit ≈ 80 nm for n.i.d. NWs with Eq. 2.2 and 2.3.

Another way to influence the band profile of GaN is provided by doping. As
doping has already demonstrated to alter the electrical properties of a GaN layer
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Chapter 2: Physical Chemistry at the Gallium Nitride/Electrolyte Interface

[19] the successful doping of GaN NWs during the growth process was demon-
strated for various materials e.g. Silicon [11, 14, 32], Germanium [33] or Magnesium
[14, 32]. Further details how the doping of NWs affects their morphological and
optical properties will be discussed in section 3.1 where NWs used in this work are
presented.

2.1.2. Photoluminescence Spectroscopy

In photoluminescence measurements the light emission of a semiconductor after op-
tical excitation is used to characterize its band and defect structure. Monochromatic
light with energy Eexc is irradiated on the sample and after the absorption emitted
at lower energies. Figure 2.3 schematically depicts the generation mechanism of
electron–hole pairs that occurs within the absorption length of the semiconductor
material.

kk=0

Eexc
E

g

valence band

conduction
band

E

kk=0

valence band

conduction
band

E

E
A

E
D

E
DAP

a) b)

Eexc

Figure 2.3.: Schematic of an electron–hole pair generation and recombination process
in a) a undoped semiconductor b) a semiconductor with impurities.

By absorbtion of an incident photon an electron from the VB is elevated into the
CB leaving a hole at its position in the VB. The excited electron consecutively ther-
malizes by interaction with phonons to the ground state at the conduction band mini-
mum CBM. The excited hole also energetically moves towards the valence band max-
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imum VBM. When they recombine they emit a photon with EPL ≈ Eg as depicted
in Figure 2.3a. This recombination at the band extrema results in the band edge re-
combination. In the case of GaN the binding energy EB of the free exciton FX (EB ≈
22 meV [34] or EB ≈ 27 meV [35]) is of similar size than the thermal energy at room
temperature (≈ 25 meV). Accordingly, several electron–hole pairs are supposed to
be coupled by the coulomb interaction and form free excitons. Nevertheless, in the
conducted experiments at room temperature these two different recombination lines
cannot be discriminated in the Gaussian shaped PL spectrum with a full width at
half maximum of ≈ 90 meV.

Figure 2.3b depicts the similar excitation process with the additional energy levels
(ED and EA) in the band gap originating from donor and acceptor impurities. The
electron at the CBM relaxes further to ED and the hole to EA. The recombination
between this two energy level leads to the emission of a photon with lower energy
EPL > EFX > EDAP and is called a donor–acceptor pair (DAP) recombination.

In the case that photo–generation occurs within the SCR, the electron–hole pairs
are separated by the electric field present. For n–type semiconductors the holes are
attracted towards the surface while the electrons are drawn in the opposite direction
(cf. Figure 2.1). Correlated to the high amount of additionally generated electron–
hole pairs, additional effects on the band profile occur.

WSCR

EF
EF,n

EF,p

Figure 2.4.: N–type semiconductor under illumination with Eexc > Eg. The quasi Fermi
level EF,p for holes is marked red.

Figure 2.4 illustrates the effect of illumination on the band–profile of a n–type
semiconductor. The photo–generated holes float toward the surface and increase
the hole concentration p, while excess electrons are drawn away from the surface
and do not have a significant impact on the overall electron concentration n for n–
type. The result is a non–equilibrium state with n · p > n2

i which can be described
with quasi Fermi levels to explain interfacial charge transfer processes not present in
the dark state of the semiconductor. In the case of p–type doping the situation for
holes and electron is exchanged.
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In the following, other luminescence bands of GaN NWs reported in literature are
discussed.

Ultra violet luminescence (UVL) & blue luminescence (BL)

These optical luminescence bands are attributed to a donor acceptor pair recom-
bination (DAP) in Mg doped GaN layers. Although the hypothesis of a DAP
is commonly accepted [36], the assignment of the participating donors and
acceptor is controversially discussed [37, 38, 39, 38, 40, 41]. The reported emis-
sion energy varies between 2.7 and 3.3 eV with a full width at half maximum
(FWHM) of several 100 meV. Power dependent measurements of Mg doped
GaN layers revealed a blue shift of the emission energy with increasing exci-
tation intensity [38, 40].

Furtmayr et al. [32] found evidence for this luminescence in the here examined
MBE grown Mg–doped GaN NWs examined in PL measurements at 4 K. The
PL spectra expressed an emission at 3.27 eV and the corresponding first and
second order LO phonon replica with respective phonon energy of 92 meV
[42]. This peak exhibits a red shift and significant broadening with increasing
Mg content in the NW.

Yellow luminescence YL

This luminescence band in GaN layers centered at 2.2 eV [38] is attributed to
structural defects. The discussion about the correct assignment to specific de-
fects in the layers is still ongoing [43, 38, 44, 45, 46].

Furtmayr et al. [32] examined the MBE grown NWs at 4 K and found only an
insignificant emission intensity for this band. These are the NWs also used in
this work which are characterized by d < 100 nm and low density of structural
defects [14, 32]. Additionally they demonstrated that doping with Si has no
measurable effect on the YL while high Mg–doping (BEPMg = 6 · 10−10 mbar)
increases the YL at 4 K.

Comparably, Polenta et al. [47] found a detectable YL in single MBE grown
GaN NWs with a diameter (d > 350 nm) detached from the Si substrate. This
luminescence vanishes when the diameter is reduced to a comparable value as
the NWs presented in [32].
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2.2 Electrolyte

2.2. Electrolyte

After the discussion of the isolated semiconductor, the electrolyte with focus on the
mainly used water–based phosphate buffered saline solution (PBS) is now examined.
PBS is chosen because of its large application range especially as a bio–compatible
buffer. Details about the buffer composition are provided in the appendix E. At
the end of this section, non–aqueous electrolytes in the form of ionic liquids will be
presented. Both types of electrolytes were used in this work to establish an electrical
contact with the surface of the NW electrodes.

2.2.1. Ions as Charge Carriers

The liquid side of the semiconductor/electrolyte interface is represented by an elec-
trolyte which is characterized by its solvent and the dissolved elements which are
in general different salts. The solvent is selected due to its dissolving properties and
its electrochemical stability. The latter is defined by the voltage range in which the
solvent behaves inert. For PBS the potential window for stable operations roughly
lies between 1 V and -1 V and depends on different factors, e.g. the pH value.

In contrast to a semiconductor, the dissolved ions of both polarities (e.g. Na+ or
Cl−) act as charge carriers in an electrolyte. Because of the charge neutrality both
ionic polarities exist in equal concentrations which represents another difference to
a semiconductor where usually one carrier type dominates (n– or p–type). Never-
theless, theses two system can be described using the same formalisms.

The conductivity σ of a solution can be calculated according to Eq. 2.4 as sum over
all participating ions

σ = F ·
∑
i

|zi| · µi · ci (2.4)

with F being the Faraday constant, |zi| the ion charges, µi the mobilities and ci

the concentrations of the corresponding ion species. Typical values for the mobility
of ions (e.g. Na+ or Cl−) in water are of the order of µi ≈ 10−4 cm2 V−1 s−1, which
is by orders of magnitude smaller then those of electrons or holes in a semicon-
ductor (e.g. GaN ≈ 440 cm2 V−1 s−1 at room temperature [48]). To compensate this
differences in mobility and to obtain conductivities that are comparable to those of
semiconductors, the corresponding concentration ci of ions must be at least in the
mM regime. The standard PBS electrolyte used for the experiments in this work
exhibits a concentration of 10 mM.
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In case of the polar solvent water, all ions are surrounded by a sheath of wa-
ter molecules. Figure 2.5a and b show how a solvation sheath is structured for
different ionic charge densities. Directly around the ions the so called primary re-
gion is located, that consists of highly ordered water dipoles. This inner sphere is
loosely surrounded by a second region of partially ordered dipoles representing a
smooth transition to the bulk phase of the homogeneous electrolyte. The thickness
and binding strength of this solvation sheath depends on the charge density and
the net charge of the solvated ion. A high charge density prominent for small ions
(e.g. Na+) results in a thick and strongly bond sheath, while a low charge density
typical for larger ions (e.g. Mg+) results in a thin and weakly bond sheath, even if
the ions have the same net charge [16].

Ions can exchange electrons either among each other or with an electrode im-
mersed into the solution. In general, an ion that captures an electron undergoes a
reduction i.e. a decrease of the oxidation state (e.g. Fe+4/Fe+3). Complementarily,
an ion that releases an electron undergoes an oxidation which is indicated by an in-
creased oxidation state. The combination of one ion that can be oxidized with one
that can be reduced is called a redox couple which can be described by the simple
reaction scheme of Eq. 2.5

Red
 Ox+ e− (2.5)

In the following, only the one electron transfer process is discussed. Further in-
formation regarding redox reactions can be found in [16].

2.2.2. Gerischer Model

In the simple redox scheme of Eq. 2.5 the solvation sheath of the ions is neglected.
In the following section, the Gerischer model that includes the solvation sheath of the
ions participating at the redox reaction, will be presented. The model associates the
different states with energy levels similarly to semiconductor terminology [49, 50,
51]. It describes the charge transfer in terms of electron exchange between empty
and occupied energy states of a redox couple.

In general, four different states of solvated ions are involved in a redox process
according to the Gerischer model. These are two oxidized states Ox and Ox∗ and
two reduced states Red and Red∗. The ∗ indicates an excited state. Figure 2.5c
depicts the reaction scheme of such a reaction starting with a redox couple in its
reduced energy state Red. By the release of an electron the ion reaches an excited
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oxidized state Ox∗ which represents a higher energetic position than the regular ox-
idized state. This energetic difference can be understood in terms of a missmatched
solvation sheath that needs time to adept to the new charge density. In the subse-
quent reorganization of the solvation sheath the reorganization energy λox is released,
while the configuration of solvent molecules relaxes into the equilibrium state Ox.
In the reverse process of an electron capture process the excited reduced state Red∗

is assumed. The equilibrium state Red is reached by release of the reorganization
energy λred. For the reorganization energies the model assumes λred = λox = λ. The
reorganization time of the solvation sheath is by orders of magnitude larger than
the electron transfer time. This is mathematically described by the Franck–Condon
principle [51]. According to these differences in reaction time it can be assumed that
the processes of electron transfer and reorganization of the solvation sheath occur
sequentially.
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Figure 2.5.: Solvated cations characterized by different charge densities with corre-
sponding solvation sheaths a) and b); c) Energetic reaction scheme of the
electron transfer between ions; d) Gerischer diagram of a redox couple.

Part d of Figure 2.5 translates the content of Figure 2.5c into a more familiar band
schema with a Gaussian distribution of reduced and oxidized states. The summa-
tion of the correlated energies for the redox cycle yields

Ered − λox = Eox − λred = Eredox,F (2.6)

The electrochemical potential µredox can be calculated according to the Nernst
equation (2.7)
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µredox = µ0
redox + R · T

n · F
· ln

(
cox
cred

)
(2.7)

with the gas constant R, temperature T , the Faraday constant F , cox and cred rep-
resenting the concentrations of the oxidized and reduced species, respectively, and
µ0

redox the standard chemical potential of the redox couple. The electrochemical po-
tential described above is equivalent to the Fermi energy of the redox couple

µredox,F = Eredox,F . (2.8)

According to semiconductor terminology a Fermi energy of the redox couple
Eredox,F can be defined separating the occupied from the unoccupied states. It is
sketched at the intersection of the distribution of empty with occupied states (cf. Fig-
ure 2.5d).

Due to thermal motion of solvent molecules and the influence on the interactions
between oxidized/reduced species with the solvent, the energetic distribution of
states has a Gaussian shape [49, 50] which can be described by Eq. 2.9 and 2.101

(cf. Figure 2.6).

Dox = e

(
−
E−Eredox,F−λ2

4·k·T ·λ

)
(2.9)

Dred = e

(
−
E−Eredox,F+λ2

4·k·T ·λ

)
(2.10)

This permanent energetic fluctuation of states implies that in the case of redox
couples no photonic excitation from an unoccupied to an occupied state is possible
[53].

2.2.3. Energy Scales

To achieve comparability between solid state physics and the electrolyte, a common
reference energy has to be defined. While in solid state physics the vacuum–level
Evac is used as such a reference, in electrochemistry traditionally the redox potential
of the redox couple H+/H2 in contact with an inert platinum electrode under stan-
dard conditions (T = 298 K, p = 1 bar, cx = 1 M) is used, defining the normal hydrogen
electrode (NHE) with potential = 0 V. The exact energetic position on the solid state

1Mathematically this is realized by a Gaussian distribution according to the Marcus theory based
on the assumption that the solvent fluctuations are described by a harmonic oscillator [52].
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scale is rather difficult to determine. Several values have been published spanning
the range between -4.3 and -4.9 eV [54, 55] on the solid state energy scale. In this
work, the most accepted value published by Lohmann et al. [56] at -4.5 eV will be
applied as zero for the NHE scale. The measured standard redox potentials E0 of
specific redox couples are related to the NHE. The sign of the energy is positive if
the species under study tends to release electrons more easily to the reference plat-
inum electrode than the H+/H2 redox couple. In Figure 2.6, the two energy scales
are depicted. Additionally the energetic values, which are important for this work
are listed.
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Figure 2.6.: Comparison of energetic positions of different redox couples and the GaN
band edges between solid state scale and electrochemical scale at pH 7.
Energetic values from [57, 58]

The two energy scales are correlated by Eq. 2.11.

Eredox(NHE) = −4.5 eV − e · Eredox(solid state) (2.11)

Because the NHE is experimentally difficult to realize and inconvenient in longer
operations, in this work a Ag/AgCl double junction reference electrode is used.
Further advantages of the Ag/AgCl electrode arise from the well known behavior
of metal ion electrodes. Metal ion electrodes are generally characterized by fast
response times and good reproducibility because of a stable potential determined by
the activity of Cl− ions in the saturated solution. Further detailed descriptions can
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be found in [18]. The energetic position in relation to the NHE is EAg/AgCl = 222 mV
[18] and is also indicated in Figure 2.6.

2.2.4. Ionic Liquids

In comparison to electrolytes based on water as solvent, water–free compounds offer
several advantages. The class of ionic liquids (ILs) which are of purely ionic nature is
one representative of such water–free solvents. They consist of a large organic cation
with low symmetry and an anion for charge neutrality. There exists a multitude of
different composition with different electrochemical properties depending on the
used cation and anion [59]. The ILs which are of particular interest here provide a
large potential window of stable operation usually between 3 and 4 V, a conductivity
that is comparable to that of water–based electrolytes, a hydrophobic character and
a melting point below room temperature. Their greatest advantage in comparison
to other water–free electrolytes (e.g. acetonitrile) is that they are non–toxic and for
specific choices of a hydrophobic IL easier to handle.

In this work the classification of an ionic liquid formulated by John S. Wilkes
will be used [60]. He defined ionic liquids as molten salts with a large liquidus
range between melting point and boiling point, whereas the melting temperature
lies bellow the boiling point of water.

Figure 2.7 depicts the structure formulas of the cation and the anion of the used IL.
Figure 2.7a shows the cation, 1-Ethyl-3-Methylimidazolium ([EMIM]+) while in part
b) the anion of the non hygroscopic IL Bis(Trifluoromethylsulfonyl) imide ([NTf2]−)
is shown.
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Figure 2.7.: Chemical structure formulas of the used ionic liquids components a) cation
([EMIM]+) b) and anion ([NTf2]−).

1-Ethyl-3-Methylimidazolium Bis(Trifluoromethylsulfonyl)imide [EMIM][NTf2]which
has a conductivity of 6.6 mS cm−2 [61] and is highly hydrophobic, implying that it is
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not miscible with water. Additionally, the melting point lies below room tempera-
ture and the IL is commercially available at IoLiTec GmbH.

Due to the fundamental differences between water and ILs, the concept of pH
value is difficult to apply to water–free solutions. Up to now also an exact descrip-
tion for measuring the pH is still missing [62].

In any case an ideal IL is free of pH determining ions, especially OH−, and conse-
quently could serve as an alternative to water–based electrolytes for application of
electric potentials to the NWs.

In literature synonyms like room temperature molten salts (RTMS) or liquid organic
salts (LOS) are also used for the group of ILs. For specific details about synthesis,
purification or other physical parameter please refer to textbook e.g. [59].

2.3. The Interface Region

In this section the two systems independently discussed so far, the semiconductor
Gallium Nitride (2.1) and the electrolyte (2.2) are brought in contact. The electrical
characteristic of this interface can be described in analogy to a Schottky–contact [19,
63].

2.3.1. Schottky–Contact

In general, the deposition of a metal contact onto a clean semiconductor surface can
either result in ohmic or diode–like (rectifying) behavior. In the latter case this is
called a Schottky–contact which is defined by a Schottky–barrier at the interface.
What kind of contact is established depends on the material properties (work func-
tion, electron affinity etc.) and the deposition method [19]. The electrolyte or more
specific the redox couple is described with a Fermi energy (cf. section 2.2) in analogy
to a metal.

In contact with the electrolyte the Fermi level of the semiconductor and the Fermi
level of the electrolyte containing a redox couple equilibrate [49, 50]. This is achieved
by interfacial charge transfer and the rearrangement of the ions on the electrolyte
side of the surface. The driving force behind this is purely thermodynamic and in
an ideal case fully reversible. A so–called contact potential is established between
the semiconductor surface representing the electrode and the electrolyte. As this
potential cannot be measured independently a second electrode with a constant and
well defined potential is immersed as a reference. The potential difference between
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these two electrodes is called the open circuit potential or open circuit voltage (UOCP) of
the semiconductor electrode under examination. In all measurements conducted in
this work a Ag/AgCl reference electrode was used. With the addition of one further
electrode, the so–called counter electrode, it is possible to apply external voltages to
the semiconductor surface.

thermal equilibrium
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Vfb
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Figure 2.8.: N–type semiconductor with electrolytic Schottky–contact under various
applied bias voltages.

According to Memming [51] the electrolyte/semiconductor can be described on
the basis of interfacial charge transfer between the electrolyte, especially a redox cou-
ple (cf. section 2.2.1), and the semiconductor. Figure 2.8 shows the semiconductor
energy with the density of states for a redox couple in thermal equilibrium (mid-
dle part) in the form of Gerischer diagrams. In general, the x–axis of the Gerischer
diagrams is different on both sides of the diagram. On the semiconductor side it
represents a spatial coordinate in the nm regime (cf. spatial extension of the SCR in
section 2.1.1) while on the electrolytic side it represents a density of states (DOS) for
the redox couple. The comparison of the real distances reveals that the spacings on
the electrolyte side are one order of magnitude smaller then on the semiconductor
side.

The application of external bias to the interface impacts the SBB as depicted in
Figure 2.8 on the right for cathodic bias and on the left for anodic bias. The width
of WSCR and the effective barrier height (Vfb) for electrons decrease with cathodic
bias while they increase for anodic bias. Interfacial hole transfer from the n–type
semiconductor into the redox couple is especially in favor for anodic bias.

Interfacial charge transfer between a semiconductor and electrolyte can only oc-
cur isoenergetically via the conduction or valence band. A cathodic current is defined
for the case that the solutions redox species are reduced by electron (e−) injection
into an empty state of the redox couple. Complementary an anodic current is defined
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by the injection of a hole (h+) from the valence band into an occupied state of the
redox couple where an oxidation is the consequence. These currents are indicated
by red arrows in the illustration of Figure 2.8.

The externally applied bias Ubias is also indicated in Figure 2.8. The so–called flat
band situation is characterized by compensation of the SBB and is achieved when
the -e · Ubias = Vfb. With the possibility of bias modulation of the SBB Eq. 2.1 can be
extended to Eq. 2.12.

WSCR =
√

2 · εsc · ε0

e ·N
· (Vfb − Ubias) (2.12)

This implies that the SBB can be controlled by an externally applied bias.

Surface States

For interfacial charge transfer, surface states play an essential role because they can
provide energy levels for isoenergetic charge transfer to or from the electrolyte redox
couples. Additionally, surface states can act as non–radiative recombination centers
for the photo–excited carriers.

Depending on the density of surface states the semiconductor/electrolyte inter-
face must be treated differently compared to the potential distribution across the
interface. This will be further discussed in the following section 2.3.2.

2.3.2. Potential Distribution Across the Interface

All theories describing the solid/liquid interface are based on the examinations of
the mercury/electrolyte interface extensively studied by Otto Stern [17].

Gouy–Chapman–Stern Model for Semiconductors

As previously discussed, the surface of a semiconductor is characterized by a specif-
ically localized charge density caused by the existence of surface states. The poten-
tial difference between the correlated surface potential φS and the potential at the OHP
φOHP defines the Helmholtz double layer voltage VHH.

In the following, a semiconductor electrode in contact with an electrolyte is ex-
amined under the restriction that the density of surface states is small and that spe-
cific adsorption can be neglected. Specific adsorption includes hereby physisorption
(Van de Waals forces), chemisorption (covalently bonding) and electrostatic attrac-
tion (ionic charges).
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Figure 2.9 schematically shows how the solvated ions arrange to compensate φS.
The smallest distance to which a solvated ion can approach from the electrode sur-
face is determined by its solvation sheath. The plane of solvated ions that forms at
this minimal distance is called the outer Helmholtz plane (OHP), characterized by the
potential VHH. With its counterpart at the surface these two fixed charge densities
form the so–called Helmholtz double layer with the associated Helmholtz capacitance
CHH [17].

CHH = ε0 εr
d

(2.13)

The dielectric constant εr of the medium, consisting of strongly polarized water
molecules is still under discussion. In literature values between 5 and 20 have been
reported [53, 51]. Considering the dielectric constant εr ≈ 5.9 for fully oriented water
one can calculate a thickness of the Helmholtz double layer in the lower Ångstroms
range. The potential drop occurring in this layer is linear.

Adjacent to this highly localized layer a diffuse charge layer extending from the
OHP into the bulk electrolyte exists. The electrostatic forces present in this so–called
Gouy–Chapman layer with the associated capacitance CD are counterbalanced by the
thermal motion of the ions [18].

The capacitance of the diffuse Gouy–Chapman layer CD depends strongly on the
concentration of the electrolyte. For electrolytes with high concentration (> 0.1 mM)
its capacitance can be neglected due to the serial connection with the Helmholtz
capacitance CHH. The electrolytes used in this work are characterized by a high
concentration so the neglection of the diffuse layer is reasonable. Further details can
be found in [16, 18].

Helmholtz layer and Gouy–Chapman layer together form the Gouy–Chapman–
Stern layer (GCS) as depicted in Figure 2.9. The total capacitance of the Gouy–
Chapman–Stern layer CGCS can be described as a series of capacitances.

1
CGCS

= 1
CHH

+ 1
CD

(2.14)

The total capacitance of the semiconductor/electrolyte interface can be expressed
by a serial connection of the GCS capacitance, CGCS, and the semiconductor space
charge region capacitance CSCR, with Equation 2.15.

1
Ctotal

= 1
CSCR

+ 1
CHH

+ 1
CD

(2.15)

Charging of the capacitances is assumed to be a reversible process. Faradayic
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Figure 2.9.: a) Schematic of the Helmholtz double layer and the Gouy–Chapman layer
at a semiconductor electrode. b) Potential distribution and the associated
capacitances.

currents occur when the capacitor undergoes a dielectric breakdown indicating that
electrochemical surface–reactions occur. If the evolving species remains at the sur-
face, the reaction is still reversible. If the products diffuse into the solution the reac-
tion is irreversible.

Semiconductors exhibiting a high density of surface states or a very high degree
of specific adsorption show a different potential distribution across the interface.
The high amount of charge localized at the surface of the semiconductor grant the
interface a character similar to a metal/electrolyte contact [28]. This implies that the
potential drop between the semiconductor electrode and the electrolyte occurs al-
most completely within the Helmholtz capacitance CHH as illustrated in Figure 2.10.
In this case no influence of the SCR is detectable.
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Figure 2.10.: Schematic of the Gouy–Chapman–Stern layer at a semiconductor elec-
trode dominated by surface states and specific adsorption. The poten-
tial drop between the semiconductor electrode and the electrolyte occurs
within CHH.

2.3.3. Illumination Effects

Illumination with Eexc > Eg of the interface has a major impact on the semiconduc-
tor in the form of photo–excitation of charge carriers, while in the electrolyte no
such effect occurs. These photo–generated charge carriers are separated due to the
presence of electric fields as for example in the space charge region resulting in a
high hole concentration at the surface of a n–type semiconductor (cf. section 2.1.2).
According to these excess minority charge carriers at the surface, the value of the
surface potential φS and the open circuit potential under illumination UOCP differs
significantly from measurements in the dark. Furthermore, the adsorbates at the
surface are stripped off as consequence to the change of φS.

The UOCP of a semiconductor electrode under illumination depends only on the
specific redox couple which is characterized by its Fermi energy and not on its con-
centration [64]. It serves as a reference potential for the succeeding bias–dependent
PL measurement.

Figure 2.11 illustrates the band profile for a n–type semiconductor under OCP–
conditions illuminated with above bandgap light. The resulting non–equilibrium
state is characterized by a UOCP. This value also depends on the pH value as ex-
plained by the site–binding model [65]. By the application of an external bias this
voltage difference can be controlled. The influence of the different polarities is indi-
cated on the semiconductor size. Cathodic bias decreases the SBB while anodic bias
increases it for n–type semiconductors.

21



2.3 The Interface Region

W
SCR

V
fb

Ag/AgCl

E

U
OCP

above band gap
illumination

c
a
th

o
d
ic

 d
ir
e
c
ti
o
n

a
n
o
d
ic

 d
ir
e
c
ti
o
n

Figure 2.11.: The OCP under illumination with above bandgap light and the effects of
bias application on the band profile for a n–type semiconductor.

2.3.4. pH–Sensitivity of Gallium Nitride

For GaN surfaces it is commonly accepted that a native oxide layer is formed when
the surface is in contact with ambient atmosphere [66, 67]. The exact formation
and structure of this layer are still under discussion and will not be addressed here.
Nevertheless, this natural oxide layer has a strong impact on the surface chemistry.
In contact with an electrolyte adsorption and desorption of ions strongly influences
the surface potential φS and consequently the band profile. For oxides in contact
with water the most important ions are H3O+ and OH−.

Steinhoff et al. [66] showed that native GaN and thermally oxidized GaN lay-
ers surface potential show similar behavior towards changes of the electrolytes pH
value. They determined an almost Nernstian behavior with an extracted sensitivity
of 56 mV/pH for φS over the pH–range between 2 and 12.

Site–Binding Model

Generally, the pH–dependence of oxide surfaces is described by the site–binding
model [65] which will be presented briefly in the following. The site–binding model
was formulated by Yates et al. [65] for a metal–oxide surface in aqueous electrolyte,
which is assumed to be ideally polarizable with no occurring Faradayic currents.
At the surface, ionizable hydroxyl surface groups (Oxide – OH) are formed. The
site–binding model is illustrated in Figure 2.12. Figure 2.12b shows the neural state
of these groups. These sites express an amphoteric character, i.e. they can be either
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Figure 2.12.: Illustration of the site–binding model with the ionizable hydroxyl surface
groups (Oxide – OH) and their a) deprotonated and c) protonated forms
and in b) the point of zero charge.

positively charged by protonation (binding of H+) or negatively charged by depro-
tonation (release of H+) described by Eq. 2.16 and 2.17.

H+ + (Oxide−OH) 
 Oxide−OH+
2 (2.16)

(Oxide−OH) 
 (Oxide−O−) +H+ (2.17)

The relation between positive (Oxide – OH+
2 ), negative (Oxide – O−) and neutral

(Oxide – OH) sites is directly related to the pH value of the electrolyte. The equilib-
rium between the relative concentrations of negative [(Oxide – O−)], neutral [(Oxide
– OH)], and positive [(Oxide - OH+

2 )] surface groups with the concentration of pro-
tons at the surface [H+

S ] is described by two dissociation constants,

K− =
[(Oxide−O−)] · [H+

S ]
[(Oxide−OH)] (2.18)

K+ =
[(Oxide−OH)] · [H+

S ]
[(Oxide−OH+

2 )]
(2.19)

The so called Point of Zero Charge is defined as the pH value at which [Oxide –
OH+

2 ] and [Oxide – O−] are equally distributed, resulting in a zero net charge at the
surface described by Eq. 2.20 and consequently leading to a surface potential φS = 0.

σS = e · ([Oxide−OH+
2 ]− [Oxide−O−]) (2.20)

As discussed in [68] under the assumption that the number of surface states switch-
ing polarity (change between protonated and deprotonated state) is small in com-
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parison to the overall number of surface states the surface potential follows the lin-
ear Nernstian dependence of 59 mV/pH.

For GaN surfaces several values are reported in literature. A value of pHPCZ =
8.47 was reported in [69] while in [70] a theoretical value pHPCZ = 6.8 was calculated
for a Ga–face oxide.

When it comes to biological inspired application e.g. the monitoring of the pH
change during an enzymatic or cellular reaction, which typically occur in the vicin-
ity of the neutral point (pH ≈ 7) a charged surface might still affect the reaction. For
the most prominant candidate of semiconductor sensors, silicon dioxide, a pHPCZ of
2.2 was reported by [71]. In contrast to GaN this could introduce a major disadvan-
tage for biological related sensor applications based on Silicon.
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Experimental

A major breakthrough concerning the measuring techniques of electrical potentials was
achieved by A. Hickling between 1937-42 [72, 73] who introduced the "potentiostat" to
measure electrode potentials. Besides new electrical circuit architecture he introduced the
so–called three–electrode configuration which effectively overcomes the problem of measur-
ing the electrodes potentials, while a parasitic potential arises from the current flowing across
the same electrodes and its resistance.

The systematic analysis of the solid/liquid interface started in the early 1970s triggered by
the growing interest in solar energy conversion due to the first oil crisis in 1973. In those
years the basic theory which is still the best approximation for the semiconductor/electrolyte
interface was formulated by Gerischer et al. [49, 50, 74, 75]. In the following years, mainly
possible applications of the photo–electrochemistry founded by Gerischer were pursued, while
the theoretical understanding of the system is still dominated by his ideas of energetic levels
in the electrolyte.

From the large variety of electrochemical methods two techniques used in this work,
namely "Impedance Spectroscopy" (IS) and "Cyclic Voltammetry" (CV), and the related
experimental setups will be presented.

Then the focus is put on the "photoelectrochemical" characterization of the NWs. Op-
tical examination methods provide a high spatial and temporal resolution while being non
invasive. Here photoluminescence spectroscopy (PL) is used to characterize the semiconduc-
tor/electrolyte interface.

Prior to the presentation of the different experimental techniques the sample preparation
of GaN NWs will be described in detail.

In the end of this chapter, ionic liquids will briefly be introduced. Due to their specific
electrical properties they offer great potential in verifying the proposed theory about the solid
/ liquid interface.

3.1. Group III–Nitride Nanowires

The GaN NWs examined in this work were grown by plasma–assisted molecular
beam epitaxy (PAMBE) using a catalyst–free self–assembled growth process in ni-
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trogen rich conditions on highly conductive n– and p–type Si (111) substrates. De-
tails on the growth process are reported in [14, 42]. In the following, only the most
important aspects for further analysis are summarized.

N–type Si substrates doped with phosphorus and p–type substrates doped with
boron with a specific resistance of ρ = 0.003 – 0.007 Ωcm were used.

After removal of the native oxide layer with buffered hydrofluoric acid (6%) the
samples were introduced into the growth chamber. Prior to NWs growth process the
samples were exposed to a nitrogen plasma creating an amorphous nitridation layer.
NWs grown without additional supply of doping material (silicon or magnesium)
are refereed to as "non intentionally doped" (n.i.d.). These NW exhibit an intrinsic
n–type background doping like comparable GaN layers [36].

Figure 3.1 shows two scanning electron microscope (SEM) images of n.i.d. GaN NW
samples. In general, the NW samples used in the experiments were characterized
by a density of approx. 200µm−2, the range of NW lengths between 400 and 800 nm,
and an average NW diameter between 30 and 90 nm. The NWs exhibit N–face po-
larity as described in [76]. These freestanding NWs exhibit a large surface to volume
ratio (S/V) which is of crucial importance for the subsequent measurements. De-
pending on the exact NW geometry (diameter and height) the surface gain factor
lies between 10 and 100.

300 nm 500 nma)                                    b)

Figure 3.1.: Scanning electron microscope images of n.i.d. GaN NWs a) topview b)
sideview.

Additionally to the intrinsic n–type nature of the GaN NWs [77] it is known that
the NWs grown on Si substrates receive enhanced background Si–doping due to
the diffusion of Si–atoms from the substrate at elevated growth temperatures. This
additional background doping is most prominent in the initial stages of the growth
process and expresses itself considerably in the foot region of the NW where up to
4 % silicon could be measured by electron energy loss spectroscopy (EELS).
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Intentional doping of the NWs with the materials Silicon (Si) and Magnesium
(Mg) was achieved by evaporating the desired dopant in thermal effusion–cells. For
each dopant the corresponding "beam equivalent pressures" (BEPs) related to the effu-
sion cell–temperature Tcell was calibrated before NW growth at the sample position
and are summarized in Table 4.2.

In general, Si– as well as Mg–doping leads to an increasing average NW diameter.
For high Si–concentrations it is further known that the prismatic shape of the NWs
transforms into a more conical widening. This is shown in Figure 3.2 in a bright–
field image taken with a scanning transmission electron microscope. The examined
NW sample was grown at TSi = 1160 ◦C. In this case the angle formed between two
opposing sidewalls was≈ 7.5 ◦. Magnesium doping in general leads to a broadening
of the overall NW diameter which becomes more evident with higher Mg fluxes.

Figure 3.2.: Scanning transmission electron microscopic image in bright–field of highly
Si–doped GaN NWs (TSi = 1160 ◦C) from [42].

3.2. Three Electrode Configuration

Figure 3.3 schematically shows a typical measurement setup. The electrochemical
cell consists of three electrodes electrically connected via the electrolyte (marked
light blue surrounded by the broken circle). The sample in such a configuration is
referred to as working electrode (WE). Its potential is measured against the refer-
ence electrode (RE) across a very high resistive pathway (potential measuring half–
cell). The disturbing stimulus is applied between the third electrode, the so–called
counter electrode (CE) and the WE (current flowing half–cell). This pathway usually
has a low resistivity to allow a low–loss conduction. To set the sample to a stable
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and well known potential a bias voltage (Uapplied) can be applied between RE and
WE. Commonly the RE is grounded to achieve maximum stability of the applied
potential.

reference
electrode

(RE)

working
elektrode

(WE)

counter
electode

(CE)

UW
IW

Rhigh

electrochemical
cell

UstimulusUapplied

Figure 3.3.: Schematic of the functionality of a three electrode setup. The potential
measuring half–cell between WE and RE is displayed in grey, the current
flowing half–cell between WE and CE displayed in light yellow. The elec-
trolyte connecting all three electrodes is located in the central broken circle
(blue color).

3.3. Electrochemical Characterization

The electrochemical characterization techniques used in this work, Impedance Spec-
troscopy (IS) and Cyclic Voltammetry (CV) are well suited to characterize the elec-
trical properties of materials and especially their interfaces with electrolytes.

IS has widely been used for real–time monitoring surfaces changes by e.g. etching
[78] or oxidation [79] or the deposition/formation of various membrane layers [80,
81, 82].

CV is especially suited to determine charge transfer reactions and the correlated
diffusion constants and redox levels. Although it was originally developed for metal
electrodes it can also be applied to semiconductors and insulators.

Because it is known from the material GaN that persistent photo–currents have
long decay times special care has to be taken for the electrochemical measurements
to avoid above bandgap illumination [83]. To achieve this all measurements were
performed in an opaque and grounded faraday cage.

28



Chapter 3: Experimental

For applications in biological related systems these methods represent a possibil-
ity to study the systems non–invasively and label–free in their natural environment
[84]. In recent years these techniques have been applied to study the interface of
many kinds of nano structures as well [8, 85, 86].

3.3.1. Setup

As prerequisite to electrical measurements it was necessary to deposit proper metal
contacts on the samples.

For the GaN NWs grown on top of highly conductive, brittle Silicon substrates
(cf. section 3.1) the electrical contact has to be on the backside. To avoid damage of
the NWs or the nitridated interlayer, the NWs on the frontside are passivated with
photo–resist prior to removing the native oxide layer on the substrate backside in
buffered hydrofluoric acid solution. In a subsequent thermal evaporation process
an Ohmic contact consisting of aluminum/silver (≈ 50 nm / ≈ 100 nm) is deposited
on the backside of the NW samples. To control the Ohmic behavior over time the
contact consists of two independent areas.

Due to the differences in sample sizes a variable specimen holders was constructed.
The specimen holder was made out of Polyetheretherketon PEEK and is shown in
Figure 3.4a. It was designed to guarantee high reusability of the samples and reliable
electrical contacts. Details of the electrical connection are illustrated in the schemes
in Figure 3.4b. The samples are mechanically pressed to seal an O–ring either with
diameter of 3 mm (Acontact≈ 0.07 cm2) by a copper piston which simultaneously acts
as electrical connection, with a negligible resistance. In this case the compression of
the O–ring is the most crucial point due to the brittleness of the substrate.

The sample holder is mounted to a beaker consisting of Polyoxymethylen (POM)
containing the electrolyte (≈ 150 ml). To guarantee constant exchange of electrolyte
above the sample an electrical stirrer is added (Figure 3.4c).

All electrochemical measurements were performed in the dark using a combined
potentiostat/frequency response analyzer (Voltalab 40, Radiometer Analytical SAS,
Villeurbanne Cedex, France) in combination with an Ag/AgCl double junction elec-
trode filled with saturated KCl as reference and a Pt–pin counter electrode (Deutsche
Metrohm GmbH, Filderstadt, Germany) with the NW sample or GaN layers as
working electrode.
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Figure 3.4.: a) Photograph and b) schematic drawing of the holder for GaN NW
samples; c) Schematic drawing of the beaker used for electrochemical
impedance spectroscopy with stirrer and three electrodes (sample as work-
ing electrode, counter electrode and reference electrode) and the external
frequency response analyzer.

3.3.2. Impedance Spectroscopy

Using Impedance Spectroscopy (IS), the solid liquid interface can be characterized.
Therefor, a small signal single–frequency voltage stimulus U(t) = U0 ·sin(ω·t) is ap-
plied to the system while the phase shift φ and amplitude |Z| of the responding
current I(t) = I0 · sin(ω· t + φ(ω)) are measured [87, 88]. With respect to the ther-
mal voltage (≈ 25 mV at room temperature) the signal amplitude is set to 10 mV to
account for equilibrium conditions.

φ = tan−1
(
Z ′′

Z ′

)
(3.1)

|Z| = [(Z ′)2 + (Z ′′)2] 1
2 (3.2)

The derived data were plotted in the so–called Bode–Plot where the original time
dependence is replaced by the frequency dependence. It shows the logarithmic
impedance amplitude |Z(ω)| and the phase angle φ(ω) plotted versus the logarith-
mic frequency f = 2ω · π of the applied voltage signal. An exemple for a Bode–Plot
is shown in Figure 3.7.
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Electrical Equivalent Circuits (EECs)

As a detailed physioelectrical description of the macroscopic electrode is impossible,
the measured impedance spectra are compared to impedance spectra simulated by
electrical equivalent circuits (EECs) [87]. Figure 3.5 introduces discrete electrical com-
ponents which can be combined in an EEC to describe the overall reaction of the
system. In such a circuit a resistor represents a conductive path (e.g. bulk conduc-
tivity of the sample, electrolyte, or a chemical reaction step at the electrode) while
capacitances and inductances are associated to charging space charge regions or spe-
cific ad– desorption. These electrical compounds are generally considered as ideal.
Due to the spatial extension and non–ideality of the structural properties of real sur-
faces (e.g. surface defects and dangling bonds) deviations from ideal behavior can
be implemented using a constant phase element (CPE).

electrical
element

symbol impedance Zi( )w

resistance
R

capacitance
C

inductance
L

constant
phase element

CPE

Z ( ) = RR w

Z ( ) = (i C)C w w

-1

Z ( ) = Y (i )CPE w w

-a

Z ( ) =  i LL w w

0

warburg
element

W

Z ( ) = W (i )W w w

-0.5

Figure 3.5.: List of discrete electrical circuit elements used in EECs.

With R as the Ohmic resistance, C as the capacitance, L as the inductance, Y0 the
so–called admittance, and α. For a value of α = 1 the CPE realizes an ideal capacitor
while α = 0 represents purely resistive behavior. In the special case of α = 0.5 the
resulting component is called a Warburg element with the characteristic parameter
W . This is especially applicable to systems with a dominating influence of diffusion
processes.

It is known that due to diffusion restrictions arising from surface roughness the
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transition from a capacitor to a CPE with a slight variation of α improves the data fit-
ting considerably [89, 90]. In such cases the corrected capacitance can be calculated
according to Hsu et al. [91] from the parameter Y0 by the expression

C = Y0 · (ω(max))α−1 (3.3)

When comparing EECs to measured IS data a multitude of theoretical circuits can
always be modeled to fit the experimental data. To choose an adequate model for the
system one has to consider additional physical information about the examined sys-
tem to avoid redundancy. However, any model circuit includes only a finite number
of elements and consequently can only be an approximation of the real system. The
theoretical IS were adapted to the experimental data using a Levenberg–Marquardt
algorithm for complex non–linear curve fitting [90].
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Figure 3.6.: EEC models used for fitting IS data.

Figure 3.6 shows the equivalent circuits used for data fitting in this work. In all
three models the resistance R0 contains the electrolyte, ohmic contacts, cables and
parasitic resistances. In model A a resistorR1 in parallel with an CPE Y1 is connected
in series to R0. A CPE is chosen because by slight variation of α the fit quality can be
increased significantly. A parallel combination of an Ohmic resistor and a capacitor
or in general a CPE is called a RC–element characterized by a specific time constant
τ = RC.

In model B a second RC–element represented by R2 and C2 is introduced in series
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to model A . In general, it is mathematically impossible to determine the sequence
of RC–elements and resistors.

Model C adds a Warburg element W1 in parallel to model A which accounts for
diffusion in the case of rough surfaces.

Figure 3.7 schematically shows an impedance spectrum simulated with model A
according to Eq. 3.4. The modifications of the spectrum by the four parameters R0,
RS, CS and α are indicated with arrows.

Z(ω) = R0 +
(
CS(iω)α + 1

RS

)−1
(3.4)
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Figure 3.7.: Simulation of a Bode–Plot according to model A.

Generally, two RC–elements in series can be distinguished in IS when two criteria
are full filled.

• Their time constants differ by at least one order of magnitude.

• The values for their resistances differ by not more than 10 kΩ· cm2. This re-
striction is necessary due to the limited accessible frequency range.

For a more detailed description refer to J. Ross Macdonald [87].
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3.3.3. Cyclic Voltammetry
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Figure 3.8.: Scheme of a cyclic voltammogram for fully reversible charge transfer. At
higher voltages the decomposition of the electrolyte in this case water is
starting.

Figure 3.8 shows the schematic of a cyclic voltammogram with fully reversible charge
transfer. The voltage between RE and WE is continuously swept between the an-
odic and cathodic reverse potential (URA, URC) with constant scan velocity vcv =
dUapplied/dt while the current is recorded. Visible are two current peaks that can
be attributed to the oxidation and reduction of the redox couple in solution at cer-
tain voltages (UOx and URed). The value of the corresponding currents (IOx and IRed)
are proportional to the square root of the scan velocity vcv

0.5 [92, 29] while the peak
positions remain unchanged. For optimal experimental conditions each voltammo-
gram recorded in a cycle reproduces exactly its prequel. One has to take care to
avoid possible decomposition of the electrolyte as indicated in Figure 3.8 for larger
applied potentials in the case of water.

The characteristics for full reversibility of the charge transfer according to [18] are:

• The potential difference between the oxidation (anodic) and reduction (ca-
thodic) peak is ∆U = UOx - URed = 59 mV.

• The peak positions of the anodic and cathodic peak do not change with scan
velocity vcv, while the peak currents are proportional to the square root of the
scan velocity.

• The ratio of the peak currents is equal to one, i.e. |IRed|
|IOx|

= 1.
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In general, water–based electrolytes are decomposed into hydrogen and oxygen
for high potentials in both polarities. Therefore all measurements are performed
within the voltage range (potential window) where no decomposition occurs [18].
For water this is roughly -1 V to 1 V.

In this work, cyclic voltammetry is mainly used to verify the charge transfer into
a redox couple across different interfaces.

3.4. Photoelectrochemical Characterization

In addition to the setup for purely electrochemical characterization of GaN NWs
presented in the previous section 3.3, a second setup that combines the benefits of a
three electrode configuration with simultaneous optical excitation was developed.

3.4.1. Setup

Figure 3.9 shows a schematic of the experiments consisting of the flow chamber with
the sample mounted into a three electrode configuration connected with the poten-
tiostat and an attached voltage source, and the peristaltic pump for electrolyte cir-
culation with the adjacent electrolyte reservoir including the pH and conductivity–
meter. The PL microscope with the connected spectrometer is used for guiding the
excitation and detection light to and from the sample.

voltage source

potentiostat

reference electrode

working electrode

counter electrode

&

flow
chamber

excitation & detection
via microscope

electrolyte reservoir
&

pH meter
peristaltic

pump

electrolyte

sample

Figure 3.9.: Schematic of the experimental setup for photoelectrochemical PL measure-
ments.

Flow Chamber

The measurements were performed in a specifically designed flow chamber con-
structed from of inert PEEK, depicted in Figure 3.10. The mounting mechanism is
identical to that described in section 3.3.1 for IS measurements on GaN NWs. A
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three electrode configuration is realized by an Ag/AgCl micro reference electrode
(DriRef 450, World Precision Instruments INC., Sarasota, U.S.A.) and a platinum
tube as counter electrode integrated into the drain section as can be seen in the
schematic illustration in Figure 3.10b. The excitation as well as the detection light
passes through the microscope setup (cf. section 3.4.2), the quartz glass window
sealing the top of the chamber, and the electrolyte to the sample surface. To min-
imize the loss of intensity due to scattering and absorption passing through the
electrolyte the distance between window and sample was kept as low as possible
(≈ 4 mm).

PBS in a concentration of 10 mM was used as electrolyte. Detailed information
on the electrolyte constituents and typical values for the conductivity are given in
appendix E.

RE  WE  CE
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electrolyte
reservoir

&
pump

electrolyte circulation

UV illum. & PL detec.

b)
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CE

WE

a)

RE

CE

WE

Figure 3.10.: a) Photograph and b) schematic of the flow chamber setup for photoelec-
trochemical characterization of GaN NWs.

The flow chamber is connected to a potentiostat (Wenking LB 81M, Bank Elec-
tronik GmbH, Giessen, Germany) to control the potential between RE and WE. To
be able to automatically control the potential, an external voltage source (Sourceme-
ter 2400, Keithley Instruments Inc., Cleveland, U.S.A.) is used.

To guarantee that each position within the sample area defined by an O–ring can
be measured, the whole flow chamber is attached to a x,y stage below the micro-
scope.

Peristaltic Pump

To achieve fast and continious exchange of the solution inside the measurement
chamber a peristaltic pump (Perimax 12, Spetec GmbH, Erding, Germany) with
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chemically inert tubes of elastic polymere is used. This setup offers the possibil-
ity to arrange a closed cycle circulation system under defined ambient conditions.
If not mentioned otherwise the standard pumping velocity was set to 6 ml/min at
room temperature and without further control of the ambient atmosphere.

Additionally, the influence of the composition of the electrolyte, especially the pH
value and the conductivity can be modified in an external reservoir and inserted
without interruption into the measurement chamber using the peristaltic pump.

pH & conductivity Meter in the Electrolyte Reservoir

To adjust or measure the pH value of the electrolyte, a pH meter with a glass elec-
trode filled with saturated KCl solution was used (Seven Multi, Mettler Toledo
GmbH, Schwerzenbach, Switzerland). If not mentioned otherwise, the pH and the
conductivity of the solution was measured at room temperature before to each mea-
surement.

The pH value was adjusted while the solution was continuously stirred by titra-
tion with HCl for acidic values and by NaOH for basic values, respectively. The
conductivity of the electrolyte was also monitored with the same setup and adapted
by addition of NaCl salt.

3.4.2. Photoluminescence Spectroscopy in an Electrolyte

An introduction to the basics of photoluminescence spectroscopy was already given
in section 2.1.2. In the following, the experimental details are presented. PL exci-
tation and signal detection were performed in a combined Raman–PL spectrome-
ter/microscope (inVia Raman Microscope, Renishaw, Birmingham, Great Britain;
Leica DM LM/P, Leica Microsysteme GmbH, Wetzlar, Germany) setup.

As excitation sources for the PL signal two different types of lasers have been
used:

• A continuous wave HeCd laser (30 mW) at λ = 325 nm (necessary for above
band gap illumination of GaN) referred to as UV–laser. This laser was used
with a 10–fold UV objective (numerical aperture of 0.25, effective focal length
of 20 mm) with a working distance of ≈ 8 mm. When passing through the
quartz window and the electrolyte the laser spot has a diameter of ≈ 100µm
on the sample surface.
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• A frequency doubled continuous wave Nd:YVO4 laser at λ = 532 nm (neces-
sary for above band gap illumination of InGaN) referred to as green–laser. This
laser was either used in combination with the 10–fold UV objective or a 5–fold
objective for visible light (numerical aperture of 0.12, effective focal length of
14 mm)

The spectrometer is equipped with two different gratings of 3600 line/nm for ex-
citation with the UV–laser and 1800 lines/nm for excitation with the green–laser.
The laser power at the sample surface can be reduced by neutral density absorbers
of different strength. The light emitted from the sample was collected using the as-
sembled objective, guided through the microscope optics and detected with a room
temperature CCD camera.

Bias– & pH–dependent PL

With the measuring configuration described above it is possible to measure the lu-
minescence of the sample while it is electrically contacted via an electrolyte. Optical
excitation as well as detection of the sample luminescence is performed through
the electrolyte. Within the three electrode configuration (cf. Figure 3.2) it is possi-
ble to control the surface potential VS and record the luminescence in dependence
of the applied bias. The applicable potentials are only restricted by the decompo-
sition voltage of the used electrolyte which is ± 1 V for water. With the help of the
peristaltic pump the PL of the sample could be used to record transient pH changes
within the electrolyte.

3.5. Ionic Liquids

For measurements with non–aqueous electrolytes like ionic liquids, a specific cham-
ber was constructed. As the contamination with water significantly influences the
measurements specific care concerning the insulation was taken. A schematic of
the measurement chamber is depicted in Figure 3.11. The three used electrodes
are namely an Ag/AgCl electrode (DriRef 500 ,World Precision Instruments INC.,
Sarasota, U.S.A.) as reference, and a Pt–stiff electrode as counter electrode, and the
sample as working electrode. A quartz glass window is placed directly above the
sample for optical excitation and detection through the objective comparable to the
setup described in section 3.4.1. To minimize the contamination during the exper-
iments, the whole construction is sealed with O–ring to maintain a minimum of
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flexibility concerning the sample size.
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Figure 3.11.: Schematic of the experimental setup used for PL measurements of ILs in
a three electrode configuration.

To assure a contamination–free injection of the IL into the chamber, the whole
mounting process was performed in inert atmosphere in a glove box. For the actual
measurements the reference electrode was immersed just before the measurement
was started. The volume of the used IL was ≈ 12 ml. The water fraction was mea-
sured to 70 ppm prior to the experiments [93].

It has to be noted, that the application of IL requires much care taken about the pu-
rity. The fact that an Ag/AgCl electrode is used as reference is problematic for long
term experiments with a water–free IL. Nevertheless for purely qualitative measure-
ments their use is not problematic.
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Chapter 4

Electrochemical Characterization of
Gallium Nitride Nanowires

This chapter deals with the electrochemical characterization of GaN NWs. As a first step in
the NW characterization the n– and p–type silicon substrates were evaluated.

N.i.d. GaN NWs were examined by Impedance Spectroscopy (3.3.2). The results were
compared to those obtained for different Si– (n–type) and Mg (p–type) doped NWs (4.2.2)
on the basis of their extracted electrical properties. According to these data the NW diameter
in relation to the doping level is discussed as a crucial factor in determination of the electrical
properties (4.2.3).

In the following, a model is presented that allows a discrimination of the NWs in two
classes namely resistive and conductive. It is supported by the evaluation of bias dependent
measurements (4.3.2) and cyclic voltammetry measurements which indicate the occurrence
of charge transfer processes (4.3.1).

4.1. Reference Measurements with Silicon Substrates

All measurements presented in the following were performed in the three electrode
measuring geometry described in chapter 3.2 with appropriate sample mounts in
an opaque faraday cage. The electrolyte was 10 mM PBS if not mentioned other-
wise. For clarity only the absolute impedance vs frequency part of the Bode–plots
(cf. Figure 4.1) are shown and discussed.

As a first step, the electrochemical properties of GaN thin films are analyzed.
Then, the Silicon substrates and the interstitial step of nitridation (cf. section 3.1)
are examined to be able to discriminate the influence from the substrate and the
NWs.

The simple EEC model (model A) presented in section 3.3.2 is applied for the eval-
uation of the measurements. The value of R0 is assigned to all parasitic resistances
which is in the measurements dominated by an 1 kΩ resistor placed externally in
series to the measuring cell to stabilize the spectrum in the high frequency domain
(> 104 Hz). The connected RC–element is interpreted in terms of surface capacitance
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(CS) and surface resistance (RS).
In the initial steps of the GaN NW growth a thin layer of silicon nitride is formed

on the silicon substrates (cf. section 3.1). To examine the influence of this nitridated
interlayer n–type and p–type Si–substrates are measured before and after nitrida-
tion. The resulting IS recorded at UC = 0 mV are almost identical exemplarily de-
picted for the n–type substrate in Figure 4.1 with the extracted electrical parameters
denoted in Table 4.1. Due to the limited frequency range, the value of RS is a lower
approximation.
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Figure 4.1.: IS of n–type Si substrate before and after nitridation.

sample type RS [MΩ cm2] CS [µF cm−2] α R0 [kΩ]
n–Si > 41 1.3 ± 0.2 0.99 ± 0.01 1.2 ± 0.1
p–Si > 35 2.9 ± 0.2 0.99 ± 0.01 1.1 ± 0.1

nit. n–Si 29.1 ± 12.1 2.4 ± 0.5 0.97 ± 0.02 1.2 ± 0.1
nit. p–Si 15.8 ± 8.2 3.2 ± 0.3 0.97 ± 0.02 1.1 ± 0.1

Table 4.1.: Electrical parameter for differently doped Silicon substrates according to
model A. The IS were recorded at UC = 0mV.

For both substrates it is obvious that due to nitridation no significant changes
occur. The slight decrease of RS can be attributed to the removal of the native SiO2

layer by etching in HF prior to the growth respectively the nitridation process. The
slight increase of CS can also be explained by the exchange of the dielectric layer
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from SiO2 to an amorphous nitride layer in analogy to a plate capacitor. This is in
accordance with the increased permittivity of silicon nitride compared to SiO2 [94].

The bias–dependent evolution of the electrochemical parametersRS and CS is pre-
sented and discussed in section 4.3.2 along with the bias–dependent IS of NW sam-
ples.

In the following discussion, the nitridated Si substrate is referred to as substrate
reference.

4.2. Nanowires

At first the n.i.d. GaN NWs are measured and evaluated. Figure 4.2 shows Bode–
plots of four IS recorded for cathodic bias between UC = 0 mV and UC = 600 mV.
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Figure 4.2.: Bode–plots of n.i.d. GaN NW ensembles with corresponding fits under

various applied cathodic bias values.

A comparison of the results for the n.i.d. NW sample to those of the substrate ref-
erence reveals that the growth of GaN NWs does not significantly alter the extracted
value for CS (2.2 ± 0.3) µFcm−2, but causes a reduction of RS to approximately (19.8
± 8.1) MΩcm2, half of its initial value (cf. Table 4.1). This can be attributed to the
formation of leakage current pathways through the nitridated layer during NW
growth.
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4.2 Nanowires

4.2.1. Short Term Effects

In the beginning phase of the IS recordings, the spectra for the NWs are not repro-
ducible. For all NW samples the electrochemical impedance spectra change sig-
nificantly storage in ambient atmosphere at room temperature. In Figure 4.3 the
development of recorded IS at UC = 0 mV for a n.i.d. NW sample is shown for a se-
ries of multiple recordings. In alternation UC = 0 mV ans UC =± 500 mV are applied.
The sample is regarded as stabilized when subsequent IS recordings at UC = 0 mV
produce identical spectra. The broken lines represent intermediate measurements
at UC = 0 mV, indicating a gradual evolution toward the final, stabilized spectral
shape. At the stabilized situation the extracted electrical parameters of the sample
are constant.
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Figure 4.3.: Subsequent IS measurements at UC = 0mV for a n.i.d. GaN NW sample in
PBS. Between the different recordings presented here, IS at UC = ±500mV
were recorded.

For the evaluation of the non–stabilized spectra model B (cf. section 3.3.2) can be
used to achieve reasonable agreement between a fit and the experimental data. The
corresponding EEC consists of R0 as the representative of all parasitic resistive ef-
fect which is also dominated by the used 1 kΩ resistor, the first RC–element with
the interpretation of surface resistance RS and surface capacitance CS as described
above and an additional RC–element (Cad, Rad) which in this case is attributed to
adsorbates at the NW surface. For all spectra except for the lowest broken line and
the stabilized spectra the effect of the second RC–element is quite prominent. In
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case of the stabilized spectra the simple model A can be used for data evaluation,
which indicates the complete removal of adsorbates during consecutive IS measure-
ments with alternating bias. The number of measurements necessary to realize the
stabilized shape of the IS depends on the storage time of the sample and on the ap-
plied bias voltages. Higher voltages accelerate the stripping process and result in a
faster achievement of the stabilized IS. A direct quantitative evaluation of the IS is
barely possible because of large α fluctuation for the RC–element attributed to the
adsorbates.

The illumination with light Eexc > Eg can also accelerate the stripping process as
will be discussed in chapter 5.

4.2.2. Influence of Doping

In the following, the electrochemical characteristics of n.i.d. NW are compared to
those of Si– or Mg–doped NWs. In detail three types of substrate dopand com-
bination are examined. Si– and Mg–doped GaN NWs on n–type Si substrate and
Mg–doped NW on p–type Si substrate.
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Figure 4.4.: Bode–plots for a) different Si–doped b) different Mg–doped GaN NW en-
sembles with fits corresponding to model A.

IS recorded for n.i.d. and differently Si–doped NW (Figure 4.4a) and Mg–doped
(Figure 4.4b) grown on n–type substrates are displayed together with fits according
to the EEC model A (cf. section 3.3.2) and Eq. 3.4. The extracted fit parameters are
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4.2 Nanowires

summarized in Table 4.2 and related to the resulting BEPs of the Si– and Mg–effusion
cell during the growth process.

sample RS [MΩcm2] CS [µFcm−2] α BEPSi/Mg [mbar]

n.i.d. NW 19.8 ± 8.1 2.2 ± 0.3 0.95 ± 0.02 -
TSi = 900◦C 11.5 ± 5.5 3.3 ± 1.2 0.94 ± 0.01 4.0 · 10−12

TSi = 980◦C 8.7 ± 2.3 2.7 ± 0.3 0.95 ± 0.01 1.8 · 10−11

TSi = 1060◦C 24.7 ± 21.5 3.5 ± 0.2 0.94 ± 0.02 9.0 · 10−11

TSi = 1120◦C 1.0 ± 1.1 13.6 ± 6.9 0.90 ± 0.05 3.0 · 10−10

TSi = 1160◦C 1.1 ± 0.2 · 10−3 55.6 ± 31.2a 0.73 ± 0.03 7.0 · 10−10

TMg = 205◦C 11.4 ± 4.3 1.8 ± 0.3 0.97 ± 0.01 1.0 · 10−11

TMg = 260◦C 12.1 ± 6.9 1.9 ± 0.4 0.96 ± 0.02 1.7 · 10−10

TMg = 285◦C 18.6 ± 2.2 1.7 ± 0.3 0.98 ± 0.01 6.0 · 10−10

TMg = 300◦C 37.4 ± 3.9 2.3 ± 0.9 0.96 ± 0.02 1.2 · 10−9

TMg = 320◦C 22.5 ± 2.9 1.3 ± 0.1 0.98 ± 0.01 3.5 · 10−9

TMg = 355◦C 26.3 ± 2.2 1.5 ± 0.1 0.98 ± 0.01 2.8 · 10−8

Table 4.2.: Extracted electrical parameters (RS, CS, α) of NW samples with the corre-
sponding BEPs for Si/Mg during growth on n–type Si substrate. The large
error bar results from uncertainties of ωmax in the capacitance correction
according to Eq. 3.3.

The influence of silicon incorporation on the electrochemical properties of the
NWs becomes evident by comparison of the IS presented in Figure 4.4 and the ex-
tracted fitting parameters in Table 4.2. An increasing TSi during NW growth process
is directly related to a decrease of the extracted value for RS and an increasing value
for CS, as shown in Figure 4.5.

The results in Figure 4.5a show that, starting from a critical doping concentration
reached for BEPSi at ≈ 2 · 10−10 mbar, CS increases by more than one order of mag-
nitude from (2.2 ± 0.3) µFcm−2 to (55.6 ± 31.2) µFcm−2 (cf. Figure 4.5a) whereas RS

shows a decrease from (19.8± 8.1) MΩcm2 to (1.0± 1.1) MΩcm2 (cf. Figure 4.5b), fol-
lowed by a further decrease of more than two orders of magnitude for the highest Si
concentration. Due to the normalization to the substrate area, which is in ensemble
measurements only an approximation, the value for RS tends to be underestimated
while the value for CS tends to be overestimated. As the observed variations in RS

are much stronger especially for the highest doped sample, this can be attributed to
the presence of NWs and to Si–doping induced variations of the SBB.

In the case of Mg–doped NWs the doping induced effects onCS andRS are smaller
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Figure 4.5.: Extracted electrochemical parameters a) CS and b) RS for n.i.d. doped,
Si– and Mg–doped NWs and the substrate reference as a function of the
BEPs during NW growth on n–type substrates (filled symbols) and on p–
type substrates (open symbols). The samples used for evaluation of the
flatband voltage in Figure 4.7 are marked by arrows.

compared to Si doped NWs. This is also valid for the usage of p–type Si substrate.
The extracted values for the p–type Si substrate reference, n.i.d. GaN NW and dif-
ferently Mg-doped NW ensembles are represented by open symbols in Figure 4.5.

With increasing Mg–concentration the value of CS decreases slightly while RS

shows a minimal increase. Mg–doping leads to the compensation of the intrinsic
and substrate related n–type doping within the NWs resulting in opposite effects on
CS and RS as can be seen in Table 4.2.

Bias–dependent measurements revealed no transition to p–type conductivity while
contrary measurements of the UOCP indicate the existence of some kind of p–type re-
gion. This conflict can be explained with the lateral gradient of n–type background
doping and the diameter dependence of the NWs. On the one side, the NW base
region is highly Si– doped and barely influenced by Mg-doping, while on the other
side the top region can be p–type.

The interplay of the NW diameter with the present doping concentration is of
great importance for the determination of CS and RS and will be discussed in the
next section.
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4.2 Nanowires

4.2.3. Influence of the NW Diameter

In literature, some reports on the electrical properties of single GaN NWs in de-
pendence of the NW diameter can be found. Calarco et al. [30] showed that for
MBE–grown NWs the relation between diameter and a calculated critical diameter
determines the photoconductivity and the dark conductivity. Under the assump-
tion that the diffusion of Si from the substrate can be neglected, their calculations
for n.i.d. NW yield the critical diameter in the range of 80 – 100 nm.

Below this critical diameter the NWs are completely depleted of free charge car-
riers which implies that the SBB covers the whole volume of the NW. Above the
critical diameter a small region in the center of the wire exists where no effect of the
SBB is present (cf. section 2.1.1)

In ensemble measurements all contacted NWs participate to the measuring sig-
nal. Due to the self–assembled growth, the NWs can exhibit diameter fluctuation
of several tens of nm (cf. appendix A). These wire–to–wire variations broaden the
overall influence of the NW diameter to a continuum. In the following interpre-
tation, an average diameter of the examined NW ensemble is assumed. Because of
the crucial dependence of the NWs properties on the diameter, the data in Figure 4.5
correspond to one specific growth series (series 1) for the respective dopant. In the
following, the case of n–type doping with Si is discussed because Mg did not show
significant influence on the electrical parameters.

For each single NW the local relation between the Si–doping concentration and
the diameter determines the shape of the surface band bending and consequently
the width of the depletion layer.

Figure 4.6a illustrates the influence of an increasing Si–doping concentration on
the SBB in a NW (cf. section 2.1.1). For low Si–concentrations the NWs depletion
width exceeds the diameter resulting in complete depletion of charge carriers and a
low SBB [9, 95]. Such NWs can be considered as resistive. For a moderate increase
of the Si–doping concentration the NWs remain depleted but exhibit a decrease of
the depletion width and an increase in both the electric field in the depletion region
and the SBB. For high Si–doping concentrations this results in a decrease of the con-
duction band edge down to the bulk value EC,B within the NW diameter (dcrit > 2 ·
WSCR) and consequently to a field free region.

The impact of the NW diameter on the band profile, first discussed in reference
[30], is summarized for a homogeneous and constant dopant distribution in Fig-
ure 4.6b. An increase of the diameter above a critical value (dcrit > 2 · WSCR), which
depends on the doping concentration, allows the formation of a field–free region
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Figure 4.6.: Evolution of surface band bending using the example of the conduction
band in GaN NWs for a) increasing Si–doping concentration b) different
NW diameter [30] c) along a Si–doped GaN NW when both effects of a)
and b) are taken into account.

defined by the conduction band edge at its bulk value EC,B. Due to the cylindrical
geometry this occurs in the center of the NW.

For a realistic description of the situation it has to be taken into account that due to
diffusion from the Si substrate the Si–concentration in the bottom part of the NW is
significantly higher than in the rest of the NW [14]. Furthermore, the high Si content
related to the high TSi during growth, the NW diameter increases along the c–axis
[14]. Both effects have not been taken into consideration in earlier reports [30]. The
resulting evolution of the conduction band profile along a highly Si–doped NW is
schematically shown in Figure 4.6c. A small depletion width and the presence of car-
riers are found in the bottom part of the NW (i). If a homogeneous Si–concentration
due to doping is assumed in the middle and upper part, the SBB increases along the
growth direction, favoring the presence of carriers in the top part of the NW with a
larger diameter (iii) while the middle part (ii) remains resistive. The corresponding
effective barrier V ∗fb for electrons can be calculated according to Eq. 2.3.

Based on these considerations neitherRS norCS is expected to change significantly
for low and medium Si concentrations. However, due to the higher Si content in the
bottom part of the NWs, a conductive region can partially extend along the NW
axis, resulting in an increasing CS. If the depletion region is thin enough, tunneling
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of electrons leads to a decrease of RS.

With increasing Si–concentration, the resistivity of the NW middle section (cf. Fig-
ure 4.6c (ii)) decreases. Above a critical Si–concentration (cf. Figure 4.5, BEPSi > 2 ·
10−10 mbar) the total NW contributes to RS and CS, leading to the observed sudden
increase of CS and a decrease ofRS. A further strong decrease ofRS can be attributed
to enhanced tunneling due to strong reduction of the depletion width and effective
barrier especially in the bottom part of the NW.

As a distinct conductive region is assumed to exist in these samples, an effective
ensemble average value for the magnitude of the SBB of the NWs can be obtained
from the values for CS extracted from the IS spectra for different bias by evalua-
tion of the related Mott–Schottky plots, depicted in Figure 4.7. For the NW ensem-
ble grown at TSi = 1120◦C (BEPSi = 3 · 10−10 mbar) and TSi = 1160◦C (BEPSi = 7 ·
10−10 mbar) the values of (-960 ± 104) mV and (-205 ± 58) mV were obtained in PBS
buffer at pH 7. For NW samples with lower Si–doping concentrations this method
is not applicable because of the resistivity of the NWs. Due to the inhomogeneous Si
distribution in the NWs and the variation of the NW diameter along the growth axis
a straight forward assignment of the decreasing average SBB of the NW ensemble
to a microscopic effect is not possible.
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Figure 4.7.: Mott–Schottky plots of the in Figure 4.5 indicated samples. The values of
the capacitance are corrected according to [91].

The weak influence of Mg–doping on the electrochemical characteristics in the in-
vestigated range is assigned to the compensation of residual donors by incorporated
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Mg, resulting in an increased depletion width. In [96] the Mg–concentration of Mg
doped GaN NWs was examined. This extracted Mg–concentration can be related
either to the effusion–cell temperature during grown TMg or the BEPMg. From the re-
sults presented here it cannot be concluded whether a complete transition to p–type
GaN NWs is achieved, as this would require a high Mg concentration due the high
Si content close to the substrate. It has also been demonstrated in reference [96] that
for Mg–concentrations of 1020 cm−3 the formation of structural defects, that are very
likely to inhibit p–type conductivity, is enhanced.

From the measurements it is apparent that the Mg–doping does not result in full
p–type conductivity along the NW. Partial regions of p–type conductivity are likely
for samples with higher Mg content as measurements of the UOCP indicate.

4.3. Classification of NWs

1 0 - 7 1 0 - 6 1 0 - 5 1 0 - 4 1 0 - 3
1 0 - 6

1 0 - 5

            - - - - - - - -
                   

            - - - - - - - -

C S [F
 cm

-2 ]

R S
- 1   [ ( Ω c m - 2 ) - 1 ]

c a t h
o d i c

 b i a
s

a n o d i c  b i a s

r e s i s i t i v e c o n d u c t i v e

S i - d o p e d
M g - d o p e d

s u b .  r e f .

Figure 4.8.: GaN NWs can be classified in conductive and resistive according to the
extracted values for RS and CS. N–type substrates are marked by full
symbols while p–type substrates are represented by open symbols. The
samples used in the bias–dependent measurements in the next section are
indicated.
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Following the analysis described above, the extracted electrochemical parameters
RS and CS are not independent but form two groups, as depicted in Figure 4.8. Con-
sequently, the NWs are classified as either resistive, consisting of n.i.d. , Mg–doped
and moderately Si–doped NWs which are grouped around the substrate reference
and characterized by low values for CS and a large RS. Conductive NWs, in contrast,
are characterized by a higher value of CS combined with lower RS.

This assignment is confirmed by the analysis of a second series (series 2) of NW
samples, grown at 5◦C lower substrate temperature to increase the NW diameter
to an average > 80 nm. In that case, following the analysis described above, the
presence of a conductive region can be assumed for all Si concentrations. The same
Si BEPs as for the first series were used during growth of the second series. Indeed,
the extracted parameters for all of these NWs are located in the conductive regime as
depicted in Figure 4.8 by blue circles.

The observation of charge transfer across the NW electrolyte interface into a re-
dox couple present in the electrolyte could further support this classification. The
measurements indicate occurring interfacial charge transfer only for the conductive
GaN NWs.

4.3.1. Charge Transfer across the Interface into a Redox Couple

An adequate proof of the suggested classification of GaN NWs into resistive and
conductive is possible by analysis of interfacial charge transfer into an appropriate
redox couple. Figure 4.9 shows cyclic voltammograms of two conductive NW sam-
ples (TSi = 1160◦C) (series 1 (c)) and (TSi = 1150◦C) (series 2 (d)) in comparison to
resistive NWs (TSi = 980◦C) as well as the substrate reference in a 1 mmol/l ferri-
cyanide Fe2+/Fe3+ solution, recorded at a scan velocity of vcv = 100 mV/s. Full sym-
bols represent measurements with the redox couple, whereas open symbols indicate
measurements in pure PBS. For clarity, only the last cycle of a measurement series
of 5 cycles is shown. The charging and discharging of the redox couple is clearly
observable by two current peaks for the two presented conductive NWs.

In contrast, the resistive NW samples and the substrate reference do not show any
charge transfer into the redox couple. These findings are regarded as another prove
for the presence of carriers inside the resistive NWs and as well for the interfacial
transfer which is facilitated by a reduction of the depletion width due to Si–doping
(cf. Figure 4.6).
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Figure 4.9.: Cyclic voltammograms for the n-type substrate reference, resistive NWs,

TSi = 1160◦C (series 1), TSi = 1150◦C (series 2). Open symbols represent
measurements in PBS buffer, filled symbols with the presence of Fe2+/Fe3+

redox couple.

4.3.2. Influence of External Bias

A possibility to externally influence the band profile in the NWs is the application
of an external bias via the electrolytic Schottky–contact as it was discussed in sec-
tion 2.3.1.

As demonstrated for n.i.d. GaN NW above the application of an external bias has
a direct impact on the SBB and consequently on the extracted electrical parameters
in terms of RS and CS. Following the above presented model resistive wires can be
made conductive (significant reduction of RS) by the application of cathodic bias,
while conductive wires can be depleted by anodic bias application.

Figure 4.10a shows the influence of an anodic bias between 0 and +600 mV on a
conductive NW sample (TSi = 1160◦C) which is characterized by a thin depletion
width but fully established SBB. The evaluation of the IS results in only minor de-
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crease of CS and an increase of RS by more than three orders of magnitude.
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Figure 4.10.: Bode plots demonstrating the effect of external bias on IS of GaN NWs.
a) Conductive NW sample with thin depletion width under anodic bias.
b) Resistive NW sample under cathodic bias. Influence bias on the ex-
tracted values c) RS and d) CS, for the substrate reference, non nitri-
dated substrate, resistive NWs and the highest Si–concentration NWs
(TSi = 1160◦C). The large error bars for the highest Si–doped NW sample
result from the uncertainty of ωmax in the capacitance correction accord-
ing to Eq. 3.3.

On the contrary, resistive NW samples characterized by a less pronounced initial
SBB respond to the application of cathodic bias between 0 and 600 mV with an in-
crease of CS by almost one order of magnitude and a strong decrease of RS (by three
orders of magnitude) as depicted in Figure 4.10b. While a comprehensive interpre-
tation of the rather small capacitance variation is not possible based on the available
experimental data and due to the limitations of the simplifies model the more pro-
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nounced effect on the surface resistance can be attributed to an enhancement or
reduction of the SBB within the NW with anodic or cathodic bias, respectively.

Figure 4.10c) and d) show the surface resistanceRS and the surface capacitance CS

extracted from the bias dependent IS presented in Figure 4.10a) and b) compared to
results from the substrate reference and a non–nitridated n–type Si substrate.

A qualitatively similar behavior is observed for the bias dependence ofRS for sub-
strates and resistive NWs. However, compared to the substrate reference the NW
samples exhibit lower RS values which becomes more pronounced with higher Si–
concentrations and is attributed to additional leakage current pathways originating
in the removal of the native oxide layer prior to NW growth or to spatial agglomer-
ation of Si in the nitridated layer due to diffusion.

Both resistive and conductive NWs show a significant increase of RS towards the
anodic direction Figure 4.10c. However, for the highest Si–doped NW sample the
absolute change of RS is enhanced which may be attributed to the different initial
SBB in the NW and an extended field free region within the NW. This is interpreted
in the way that in the case of conductive NWs the total NW contributes to RS result-
ing in stronger bias induced variations.

The bias dependence of CS is presented in Figure 4.10d. Contrary to untreated
Si surfaces (non nitridated substrate, open circles) the substrate reference (black
squares) exhibits a behavior that is more typical for p–type substrates. This effect is
detectable on both used substrates either n–type or p–type. Consequently, the effect
is attributed to the existence of structural defects created during nitridation of the
surface prior to NW growth. Removal of the SixNy surface layer in diluted buffered
HF restores the original behavior of the non–nitridated substrate.

In the case of resistive NWs (filled red circles), CS is dominated only by the bottom
section of the NW whereas the total NW contributes for the sample with the highest
doping concentration, leading to no significant changes of the overall capacitance
(blue triangles) as discussed above.

4.4. Summary

In summary, the electrochemical parameters (RS andCS) of n.i.d., Si–doped and Mg–
doped GaN NWs grown on highly conductive Si(111) substrates were analyzed in a
three electrode configuration and compared to the findings for the Si substrate.

The capacitance of the NW/electrolyte interface CS can be increased by more than
one order of magnitude by Si–doping, indicating the presence of free carriers in
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doped NWs. In contrast, Mg–doping showed no significant influence on the elec-
trochemical parameters of the examined GaN NWs.

Based on the extracted values for the interface capacitance CS and for the interface
resistanceRS a doping induced transition between two classes of NWs, resistive and
conductive, is found. For conductive NW electrodes the interfacial charge transfer
into the redox couple Fe2+/Fe3+ without illumination is facilitated. Contrary to
conductive NWs no charge transfer for the resistive class of NWs could be observed.

Application of an external bias allows the modification of the electrochemical
properties (CS and RS) due to variations of the SBB. Resistive NW can be translo-
cated into the conductive regime by application of a cathodic bias. Conductive NWs
characterized by a thin depletion width become resistive under anodic bias.

In conclusion, the control of the dark conductivity by doping and external bias is
an important feature for any electrochemical application of GaN NWs.
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Chapter 5

Photoelectrochemical
Characterization of Gallium Nitride

Nanowires

In this chapter, photoelectrochemical characterization of PAMBE–grown group III–nitride
NWs is carried out by photoluminescence spectroscopy under controlled electrochemical con-
ditions. The measurement setup is presented in section 3.4.1 and 3.4.2.

First, the photoluminescence response of n.i.d. GaN NWs to variation of the external
bias and of the solution pH is studied. These findings are interpreted on the basis of an
extended "dead layer" model for semiconductors. Accounting for the NW geometry several
adjustments to the original "dead layer" model were necessary in order to apply it for GaN
NWs.

In the scope of the extended "dead layer" model the interfacial charge transfer from a
photo–generated hole across the interface is discussed as a weakening mechanism for the PL
signal. The mechanism is further tested by the exchange of the water–based electrolyte PBS
by an ionic liquid.

The analysis of Si– and Mg–doped GaN NW supports this model.

5.1. Photoluminescence of n.i.d. GaN NWs in an
Electrolyte

The PL of GaN NW sample in contact with an electrolyte is recorded with the elec-
trochemical measurement setup in a three electrode configuration (working, refer-
ence and counter) with the sample as working electrode as described in section 3.4.1.
The NW sample were prepared as described in section 3.3.2. The parameters var-
ied are the bias UC between sample and reference electrode and the pH value of the
electrolyte. Figure 5.1 shows two PL spectra recorded at the same n.i.d. GaN NW
sample. The first PL spectrum is recorded under ambient atmosphere. The second
is recorded while the sample is mounted into the flow chamber under floating po-
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tential conditions in PBS at pH 7. Optics and laser excitation power are identical in
both cases.
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Figure 5.1.: PL spectra of a n.i.d. GaN NW sample under different ambient conditions.

Both spectra exhibit the GaN near band edge recombination peak at 3.4 eV with
FWHM values of ≈ 110 eV (air) and ≈ 80 eV (electrolyte). The PL intensity recorded
immersed into the electrolyte is one order of magnitude smaller compared to the air
measurement due to scattering effects for the excitation and the emitted light.

Previous to bias– and pH–dependent PL measurements the open circuit volt-
age UOCP is measured under UV–illumination in floating potential configuration in
10 mM PBS at pH 7.

Figure 5.2 shows the UOCP for the sample examined in the scope of this work.
All examined NW samples except of the two highest Mg–doped samples are char-
acterized by a positive UOCP pointing towards n–type conductivity of the samples.
For the two highest Mg–concentrations, the negative UOCP can either result from the
correlated high defect density or from regions with dominating p–type conductiv-
ity. The NW sample with the highest Si–concentration shows a very small UOCP of
24 mV. The exact origin of this effect remains unclear. It can be suggested that this
drop in the UOCP is related to a significant change in NW morphology due to the
high Si content [14].

This value of UOCP acts as a reference for the succeeding bias application. To avoid
anodic oxidation and photo corrosion by photo–generated holes, the measurements
are restricted to bias voltages on the cathodic side of the UOCP and pH < 7.4.
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Figure 5.2.: OCP values for differently Si– and Mg–doped GaN NW samples under
UV–illumination.

Intrinsic Luminescence of Water

It is known from literature [97] that pure water shows a luminescence peak at ≈
3.4 eV when excited with UV–light (Eexc > 3.5 eV). The light source used for the ex-
citation of the GaN PL in this work emits at Eexc = 3.81 eV. Therefore, water lumi-
nescence contributes a background signal that cannot be separated from the GaN
luminescence at 3.41 eV at room temperature [27]. Figure 5.3a depicts PL spectra
of n–type nitridated Si(111) substrates without NWs obtained at UC = 400 mV and
UC = 800 mV. In both spectra the emission clearly originates from the water with
its maximum remaining at approximately 3.39 eV with a bias–independent constant
emission intensity.

Figure 5.3b) illustrates the superposition of the GaN band edge luminescence and
the intrinsic water luminescence for a n.i.d GaN NW ensemle. The measurement at
UC = 400 mV reflects a spectral center at 3.39 eV while the PL spectra at UC = 500 mV
is slightly shifted to a higher energies at 3.41 eV. This can be attributed to the bias–
dependent GaN luminescence superimposed to the water luminescence. Due to the
difficult deconvolution of the water peak itself, a further examination of the overlay
with the GaN luminescence is not possible.

The microscopic origin of this water luminescence is still under discussion. For
the data interpretation in this work one has to keep in mind that due to this wa-
ter luminescence, the GaN related luminescence at low bias voltages, especially for
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Figure 5.3.: a) PL spectra recorded of the substrate reference for UC = 400mV and UC

= 800mV. b) PL spectra of a n.i.d. GaN NW sample for UC = 400mV
and UC = 500mV with the deconvolution into constant water and bias
dependent GaN luminescence.

UC ≈ UOCP, the intensity is overestimated. For Si–doped NWs, the water lumines-
cence can be neglected because the PL at lower bias voltages is already significantly
increased (cf. Figure 5.14b).

Bias–Dependence

The PL of a n.i.d. GaN NW ensemble depicted in Figure 5.1 was recorded under
floating potential conditions. The application of an external bias UC > UOCP directly
influences the PL intensity.

Figure 5.4 shows the integrated PL intensity recorded for a Si–doped GaN NW
sample grown at T(Si) = 900◦C at pH 7 and UC = 1000 mV. The four accentuated points
mark the recording times of single PL spectra depicted in the insert at the same bias.
The first recording shows a spectrum directly after immersion. The second PL spec-
tra is recorded with a time delay of 10 minutes without further illumination. Note
that the UV–illumination is only applied at the measuring spot (diameter≈ 100µm)
during the recordings (≈ 30 s). A slight increase of the PL is observable, due to
stripping of adsorbates from the NW surface which is mainly defined by m–plane
sidewalls. In succeeding transient measurements under continuous illumination
with constant excitation intensity the trend of increasing PL signal becomes obvi-
ous. After 25 minutes, spectrum 3 was recorded. The overall intensity has increased
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significantly. The recording of a further transient reveals only a minor enhancement
of the PL intensity indicating a saturation of the response process. A change of the
measuring spot reveals that the effect of increased intensity is restricted to the mea-
suring spot.

This process is attributed to the UV–induced stripping of adsorbate comparable to
the bias–induced stripping described in section 4.2.1 during IS. In the following ex-
periments the sample was illuminated at the measuring spot previous to the actual
measurements.
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Figure 5.4.: Transient PL intensity recorded at UC = 1000mV at pH 7 at the identical
position. The insert shows the PL spectra corresponding to the given
times.

In Figure 5.5a the PL spectra of another n.i.d. GaN NWs at pH = 7 for different
cathodic bias UC > UOCP are depicted. The PL spectra are dominated by the band
edge recombination at 3.41 eV [14]. No change of emission energy or peak width is
detectable when the bias is altered.

An increasing PL intensity is found for increasing cathodic bias values. The PL
intensity increases by almost two orders of magnitude for a cathodic bias of 1200 mV.
The insert of Figure 5.5a shows the integrated PL intensity of the spectra normalized
to the PL signal intensity at UC = 500 mV.

Additionally, Figure 5.5b shows the transient response of the PL intensity for volt-
age steps ranging from UC = 400 mV to UC = 1000 mV and back with step size of
50 mV at pH 7. Each voltage step was applied for two minutes. The voltage pulses
are clearly reproduced by the PL intensity curve for UC > 700 mV. For lower bias the
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Figure 5.5.: a)PL spectra of n.i.d. GaN NWs for UC between 800 and 1200mV in steps
of 50mV at UC = 500mV and pH 7. The insert shows the integrated
PL intensity of the spectra between 3.35 and 3.45 eV as a function of the
applied bias. b) Transient changes of the integrated PL intensity for voltage
steps ranging from UC = 400mV up to UC = 1000mV and back with step
size of 50mV at pH 7.

resolution at pH 7 for the given illumination intensity is not high enough to resolve
the bias steps.

In general, the PL transients were recorded at a slightly increased excitation in-
tensity with a spectral resolution of one second compared to the recording of single
spectra.

pH–Dependence

In order to assess the influence of pH variations on the characteristics of the NW
PL, the measurements have to be performed under well–defined electrochemical
potential conditions achieved by a constant applied UC. In Figure 5.6a, seven PL
spectra of n.i.d. GaN NWs at UC = 500 mV for different pH values are depicted. An
increasing PL intensity with decreasing pH is found while the emission energy and
the FWHM of the emission peak remain unaffected.

The insert of Figure 5.6a shows the integrated PL intensity of the corresponding
spectra as a function of the solution pH. The integration was performed in the range
between 3.35 and 3.45 eV.

Figure 5.6b shows a transient measurement of the PL intensity of a n.i.d. NW
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Figure 5.6.: a) PL spectra of n.i.d. GaN NWs between pH 7 and pH 1 at UC = 500mV.
The insert shows the integrated PL intensity of the spectra between 3.35
and 3.45 eV as a function of the solution pH. b) Transient measurement of
the PL for titrated pH changes between pH 7 to pH 1.1 in steps of ≈ 0.5
pH at UC = 800mV.

sample while the pH is decreased stepwise (≈ 0.5 pH each step) starting at a value
of 7.4 down to pH 1.1.

The shape of the recorded PL transient clearly resembles the pH titration steps.
The small time delay between the measured pH change and the corresponding PL
intensity change is directly related to the tube length between electrolyte reservoir
and the pumping speed as indicated exemplarily by two broken lines in Figure 5.6b.
Comparing the shape of the pH–dependent PL in the insert of Figure 5.6a with the
transient in Figure 5.6b the qualitative reaction of the PL intensity to pH reduction
is the same, but the magnitude varies significantly. This effect can be attributed
to inhomogeneities among the NWs related to the self–assembled growth process
appendix A.

Combined Bias and pH Dependence

Comparison of Figure 5.6 and Figure 5.5 reveals that a decrease of the electrolyte
pH leads to a qualitatively similar change of the PL characteristics as an increase of
UC. This points towards the same mechanisms being involved in the observed PL
intensity changes.

Figure 5.7 shows the normalized integrated PL intensity as a function ofUC for dif-
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ferent pH values between 7 and 1 for a n.i.d. GaN NW sample. The pH–dependent
bias curves all resemble a s–shape. The more acidic the pH value the lower the on-
set cathodic voltage of the curve. In the following, these curves are referred to as
calibration curves.
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Figure 5.7.: The normalized integrated PL intensity (between 3.35 and 3.45 eV) as a
function of the applied cathodic bias UC for different pH values between 7
and 1. In the following, these curves are referred to as calibration curves.

This bias–dependence of the pH response offers the possibility for electrochemical
definition of a working point with optimized pH–sensitivity and PL intensity.

Under consideration of the pH induced shift of the PL intensity between 40 and
90 mV/pH which is in good agreement with the reported pH–dependence of the
surface potential of c–plane GaN layers [98, 99] a bias variation of 1 mV corresponds
to differences in pH of 0.01 to 0.03.

5.2. The "Dead Layer" Model

In the following section, the pH and bias dependence of GaN as a semiconductor
are discussed in terms of the "dead layer" model. It describes a thin layer beneath
the surface of a semiconductor characterized by the presence of electric fields where
no radiative recombination occurs. This is explained by the spatial separation of
electron and hole caused by the the electric fields. In case of a present "dead layer",
charge carriers can recombine radiative only directly at the surface or the field–free
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region.

Based upon the first examination of such an optically "dead layer" in cathodolumi-
nescence experiments from Wittry et al. [100], the model was also verified with other
experimental methods e.g. PL. The extension of the dead layer in a semiconductor
with bias application across a Schottky–contact and the corresponding quenching
of the luminescence signal was evaluated by several groups [101, 102, 103]. Hetrick
et al. [101] examined a CdS/Au schottky barrier diode and found a decrease of the
PL intensity with increasing anodic bias and attributed this to an increase in spatial
extension of the space charge region WSCR (cf. section 2.3.1).

The concept was extended to the semiconductor/electrolyte interface by Sman-
dek et al. and Chmiel et al. [104, 105]. They assumed that at the semiconduc-
tor/electrolyte interface similar to a semiconductor/metal interface an optical dead
layer on the semiconductor side is formed.

In general, the illumination of an n–type semiconductor/electrolyte interface with
light with Eexc > Eg leads to the generation of electron–hole pairs (cf. section 2.1.2).
Recombination can occur accordingly to three different mechanisms, as depicted in
Figure 5.8 [105].

I The radiative band edge recombination of an electron with a hole under pho-
ton emission in the field–free region of the semiconductor.

II The non–radiative recombination of an electron with a hole in the bulk or at
the surface via surface states.

III The charge separation (transfer) of an electron or a hole across the interface
into a redox system present in the electrolyte. This transfer can also be medi-
ated by surface states.

In general, for a n–type semiconductor, the strength of the PL signal depends on
the availability of minority charge carriers (cf. section 2.1.2).

For the bulk of a n–type semiconductor, the minority carrier density p(x) under
illumination, at assumed flatband conditions and the absence of non–radiative re-
combination pathways via surface states (Figure 5.8 II) or interfacial charge transfer
(Figure 5.8 III), can be calculated according to Eq. 5.1 [105].

p(x) = αL2
hI0

D(1− α2L2
h)
·
(
e−αx − αLh · e

− x
Lh

)
(5.1)
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Figure 5.8.: Recombination mechanisms for photo–generated electron–hole pairs.
(I) Band edge recombination in the field–free bulk region with photon
emission. (II) Non–radiative recombination via surface states. (III) Trans-
fer into redox levels of the electrolyte. According to [105]

with the absorption coefficient of the semiconductor α, Lh =
√
D · τ the mean dif-

fusion length of holes, τh the hole lifetime, I0 the illumination intensity and x the
distance to the surface.

The first approach of Eq 5.1 formulated in [103] can be extended with the possi-
bility of hole consumption at the surface by recombination and hole diffusion to the
bulk to Eq. 5.2.

p(x) = α · τh · I0

1− α2L2
h

·
(
e−αx − αLh + s

1 + s
· e−

x
Lh

)
(5.2)

with

s = ks ·
Lh
D

(5.3)

ks = ksurface states + ktransfer (5.4)

s as a reduced recombination velocity that summarizes the possible loss processes
for non–radiative recombination. ksurface states and ktransfer are the rate constants for the
corresponding loss mechanisms via surface states or charge transfer. The values of
τh and the rate constants are assumed to be concentration independent.

As the electron concentration in the bulk remains constant under illumination,
the crucial parameter that determines the PL is the concentration of additionally
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photo–generated holes. The total PL intensity can be calculated by integration of
the minority carrier density or in the case of n–type doping the hole density p(x).

IntPL = 1
τh
·
∫ d

0
p(x) dx (5.5)

Insertion of Eq. 5.2 into Eq. 5.5 and subsequent integration yield Eq. 5.6.

IntfbPL = I0

1− α2L2
h

·
(

1− αLh ·
αLh + s

1 + s

)
(5.6)

According to Eq. 5.6 the PL intensity reaches its maximum for s = 0, implying that
all photo–generated charge carriers recombine radiatively. It has to be noted that
the PL intensity in this equation strongly depends on the solid state properties via
Lh and α.

The situation changes to Eq. 5.2 when a SBB expressed by a space charge region
WSCR is present.

p(x,WSCR) = αI0τh
1− αLh

·
(
e−α(x−WSCR) − αLh + sw

1 + sw
· e−

(x−WSCR)
Lh

)
(5.7)

with the boundary conditions

p(x = W ) = 0 (5.8)

s(x = W ) → ∞ (5.9)

According to Eq. 5.7 two different physical situations are important, WSCR
Lh
� 1 and

WSCR
Lh
' 1 defining the cases when all holes can reach the field free region outside

WSCR while WSCR
Lh
� 1 defines the case that all holes must recombine at the surface

non–radiatively.

For a real semiconductor the relation between non–radiative recombination of
charge carriers and the flatband potential is given according to [104] by Eq. 5.10

s = s∗ · e
(
Ufb−UC
kB ·T

)
(5.10)

which in combination with Eq. 5.6 leads to the normalized function of PL intensity
Int(UC) depending on the difference from the flatband potential ∆Ufb = Ufb - UC and
the non radiative surface recombination parameter s∗.
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Int(UC) = IntfbPL
Intmin

= 1
1− αLh

·

1− αLh ·
αLh + s∗ · e

(
∆Ufb
kB ·T

)
1 + s∗ · e

(
∆Ufb
kB ·T

)
 (5.11)

Figure 5.9 shows simulations according to Eq. 5.11 for variations of the two pa-
rameters s∗ (1, 5, 50 for Ufb = -100 mV) in a and Ufb

1 (-100 mV, -200 mV, -300 mV for
s∗ = 1) in b. In both cases an increasing value (the arrow points to the direction of
higher values) leads to qualitatively similar behavior.
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Figure 5.9.: Simulation of the PL intensity according to Eq. 5.11 for a n–type semicon-
ductor for various values of a) s∗ and b) Ufb. The arrows indicate increasing
values of the modified parameters.

The PL intensity is at its minimum when all electron hole pais are separated al-
lowing the holes to recombine non–radiatively at the surface. Increasing cathodic
bias UC compensates the SBB and the electric field defined by Ufb, responsible for
the separation. As a result a higher value of requires a higher value of UC applied
to reach the same PL intensity. At a certain voltage UC electron accumulate at the
surface resulting in a full blocking of surface recombination. The PL intensity is at
its maximum.

In the case of an increasing non–radiative surface recombination parameter s∗ the
required voltage to compensate the fast loss of the photo–generated holes is also
increased. Higher values of s∗ and higher values of Ufb lead to an identical shift of

1Note that in all Figures the value of Ufb is depicted with the opposite sign. This is necessary to
stay in consistence with the definition of a positive cathodic bias.
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the Int(UC) function towards higher cathodic bias values.

5.3. Extended "Dead Layer" Model for NWs

In the following, the "dead layer" model is extended to NW geometry. Figure 5.10
schematically shows the PL intensity as a function of the applied cathodic bias UC.
The floating potential under illumination UOCP and the flatband potential Ufb are
marked for the case of n–type conductivity. In cathodic bias direction starting from
the UOCP, an increase of the PL intensity is expected due to compensation of the
SBB (cf. section 2.3.1). This directly hinders two loss processes, the recombination of
electron–hole pairs via surface states and the interfacial hole transfer which is possi-
ble due to the energetic positions of the GaN band edges in relation to the hydroxide
ion OH− (cf. Figure 2.6). Both loss processes cannot be examined separately in the
experiments conducted in this work and are consequently discussed as one. The
cylindrical symmetry of the NW implies that for a diameter < dcrit the whole volume
must be regarded as a "dead layer". The minimum of the PL intensity in this case
is determined only by the intrinsic water luminescence (cf. section 5.1) in aqueous
electrolytes.
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Figure 5.10.: The extended "dead layer" model relates the NW PL intensity to the
applied cathodic bias UC and adds interfacial charge transfer as a further
non–radiative recombination processes.

For the application of the formalism presented in the "dead layer" model to the PL
of the NW ensembles some adjustments are required. The parameters α (absorption
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coefficient), τh (hole lifetime), Lh (mean diffusion length of the holes) are known for
the case of layers. In NW geometry they can be different. In Eq. 5.12 this difference
could be integrated by the insertion of a factor γ into Eq. 5.11 which includes all
the changes in relation to the GaN layer values. It is assumed to be γ > 1. The best
approximation to the experimental data is achieved for γ = 6. This value is closely
related to the NW geometry and the doping concentration. In the case of other NW
ensembles the value of γ must be adjusted.

IntfbPL = Imin
1− γ · αL · LL,h

·

1− γ · αL · LL,h ·
γ · αL · LL,h + s∗ · e

(
∆Ufb
kB ·T

)
1 + s∗ · e

(
∆Ufb
kB ·T

)
 (5.12)
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Figure 5.11.: Integrated PL intensity for n.i.d. GaN NW sample normalized to the PL
value at UC = 0.4V with the fit according to Eq. 5.12.

In Figure 5.11, the integrated PL intensity is plotted for a n.i.d. GaN NW sample
for the pH values of 7, 5, 3, and 1. As first step of the evaluation, the value of s∗

in the case of pH 1 is assumed to have a low value (in this case s∗ = 2). This seems
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pH Ufb [mV] s∗

7 -1016+ 68
5 -935+ 144
3 -821+ 10
1 -707 2+

Table 5.1.: Values of Ufb and s∗ calculated according to Eq. 5.12. +Values that were
assumed as constant in the fittings according Eq. 5.12.

reasonable because according to the site binding model in strong acidic solutions the
surface hydroxyl groups are protonated (cf. section 2.3.4). The enhanced presence
of positive charge at the surface is an effective barrier for photo–generated holes to
reach the surface, leading to a reduction of both non–radiative loss processes. With
the assumption of s∗ = 2 and γ = 6, the experimental data for a n.i.d. GaN NW
sample can be fitted according to Eq. 5.12 at pH = 1 as depicted in Figure 5.11a. The
fit yielded good agreement for Ufb = -707 mV.

In the following, this result is used as a reference to calculate the Ufb for the other
pH values. Fixing the pH–induced variation of Ufb by assuming a similar shift as
published for c–plane GaN layers of 57 mV/pH [98] the fit results for pH = 3, 5,
and 7 yield a trend of increasing s∗, i.e. stronger non–radiative recombination, with
increasing pH s∗(pH 3) = 10, s∗(pH 5) = 144, s∗(pH 7) = 68. Note that for pH 7 the
fitting procedure underestimates s∗ due to the limited data range.

Thus, the overall qualitative shape of the Int(UC) dependence is in agreement with
existing theoretical model and the dependence on the pH value can be explained by
pH dependent variations of the flat band potential and the resulting ratio of ra-
diative and non–radiative recombination, expressed by the parameter s∗. The ex-
tracted positions of the flat band potential are given in Table 5.1 and indicated in
Figure 5.11a-d by the blue marks.

Figure 5.11 shows that this model predicts a much steeper variation of the PL
intensity with UC due to the assumption of a constant flat band potential Ufb. This
is true for a layer but in the case of NW geometry the Ufb cannot be assumed as
constant along the NW. From the results presented in chapter 4 it can be concluded
that Ufb varies along the c–axis of the NW barely related to the doping concentration
and the NW thickness. Especially for a thin n.i.d. GaN NW the Ufb is suspected
to have its maximum value close to the bottom region of the NW followed by a
decrease of Ufb towards the NW top. At the tip of the NW, only a minimum flat band
voltage should be present. Since the precise dependence of the flat band potential
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5.3 Extended "Dead Layer" Model for NWs

on the NW height represented by Ufb(h) is unknown and complicated by wire–to–
wire fluctuations it is approximated by an exponential decay Ufb(h) along the c–axis
with a characteristic decay length l along the c–axis according to equation 5.13.

Ufb(h) = Ufb · e(−
h
l ) (5.13)

The combination of Eq. 5.12 with Eq. 5.13 results in Eq. 5.14. In the calculations an
average height of the NWs is assumed to h = 700 nm.

Int(UC) =
∫ h

0

1
1− γαLLL

·

1− γαLLL ·
γαLLL + s∗ · e

(
−UC−Ufb·e(−h

l )
kB ·T

)

1 + s∗ · e

(
−UC−Ufb·e(−h

l )
kB ·T

)
 (5.14)
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Figure 5.12.: Calibration curve for pH 1 with simulated Int(UC) according to Eq. 5.14
with different Ufb(h) according to various l (Eq. 5.13) with an bias offset
420mV.

This is calculated exemplarily for an exponential decay length l (l1 = 100 nm, l2
= 350 nm, l3 = 600 nm), starting at assumed Ufb = -707,mV for pH 1. The calcula-
tions based on Eq. 5.14 yield the intensity plots depicted in Figure 5.12. Compared
to the predicted evolution of Int(UC) with constant flat band potential (dotted line),
the shape broadens significantly. The best agreement to the experimental shape is
obtained for a decay length of l = 350 nm (full line). To match the experimental data,
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the calculated curves need to be shifted along the UC axis which can be attributed
to an additional potential reduction related at e.g. the electrical contacts, the sub-
strate/NW interface or within the electrolyte.

In Figure 5.13, the decay length l2 = 350 nm is used for fitting further calibration
curves of the n.i.d. GaN NW sample which is in the following referred to as fitting
1. The resulting calculated curves (black lines) show better conformance with the
experimental data then with the assumption of a constant Ufb(h) (dotted lines). The
potential offset necessary to achieve best agreement with the experiments depends
on the pH value (420 mV at pH 1, 504 mV at pH 3, 600 mV at pH 5, 680 mV at pH 7).

- 4 0 0 - 6 0 0 - 8 0 0 - 1 0 0 0 - 1 2 0 0
0

5

1 0  c o n s t a n t  U f b
 f i t t i n g  1
 f i t t i n g  2

 U C  [ m V ]

 no
rm

. In
t (U

C) 
[ar

b.u
]

p H  7

0

5

1 0

 

p H  5

0

5

1 0

 p H  3

0

5

1 0

 

 
p H  1

Figure 5.13.: Simulated PL intensity curves as a function of the applied cathodic bias.
According to Eq. 5.12 with l = 350 nm, with the corresponding bias offsets
(420mV at pH 1, 504mV at pH 3, 600mV at pH 5, 680mV at pH 7) and
according to a numerical fitting algorithm according to Eq. 5.14.

Under the assumption that no potential offset is required to fit the experimen-
tal data, another fitting approach is followed. A numerical fitting for all three free
parameters of Eq. 5.14 (s∗, Ufb, l) is performed. The results of the fully numerical
analysis are added in Figure 5.13 as blue broken lines and referred to as fitting 2.
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pH Ufb [mV] s∗ l [nm]

7 -1310 490 1150
5 -1240 479 1100
3 -1070 34 1100
1 -985 1 1099

Table 5.2.: Values of Ufb, s∗ and l used for the fitting according to Eq. 5.14.

Comparing both fittings, a slightly better approximation of the experimental data is
achieved with the numerical analysis. The results of the numerical fitting 2 are noted
in Table 5.2. However, the extracted values for Ufb(h) and for the decay length of l =
1150 nm are not realistic, as this would imply the presence of a comprising high Ufb

along the NWs axis, which is in contrast to the theoretical results in literature and
the experimental data presented in chapter 4.

A possible reason for these controversial findings can be the presence of large local
thickness fluctuations in the NW ensemble, as for a NW thickness above critical
diameter of d ≈ 80 nm such values of Ufb might be explicable.

The dead layer model was formulated for a semiconductor with a homogeneous
SBB and with illumination perpendicular to its surface. The transition to NWs with
a variable SBB (cf. chapter 4) presents a different situation. The average height of
the NWs is with ≈ 700 nm thicker than in the case of a layer structure. Following
the Beer–Lambert law for the absorbtion the upper parts of the NWs will be accen-
tuated.

The overall corresponding SBB region is defined by the NW height, at least for
resistive NWs. Additionally, due to the average height of ≈ 700 nm of the used
NWs, the weakening of the illumination intensity due to absorbtion (Beer–Lambert)
is stronger then for layers. In sum this would lead to an accentuation of the upper
parts of the NWs, which are represented by a low Ufb. Finally, this would result in a
further broadening of the shape of Int(UC).

In summary, it is obvious that a variation of Ufb along the NW as well as the lateral
inhomogeneity of the NW ensemble have to be taken into account in order to obtain
a comprehensive quantitative description. However, it is not possible without fur-
ther experimental inputs to fully reveal the exact relation between the characteristic
parameters with the data collected in the scope of this work. Nevertheless, the good
agreement of the modified theoretical model of refs. [105, 104] with the experimental
results confirms the proposed mechanisms.
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5.3.1. Influence of Silicon Doping

To further confirm the proposed mechanism, Si–doped NW ensembles were also
investigated. In that case the width of the "dead layer" due to the SBB is reduced,
resulting in an increased potential barrier between the NW core and the surface
(cf. Eq. 2.1). In Figure 5.14a the results for Si–doped NWs are compared to those
of the n.i.d. NW ensembles and to a plain GaN layer. These results show that
the doping–induced increase of the SBB [86, 106] results in a shift of the Int(UC)
characteristics to higher values of UC. For the highest Si–concentration (BEPSi =
7·10−10 mbar) the steep increase in Int(UC) occurs outside the electrochemically ac-
cessible bias range for PBS.
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Figure 5.14.: a) Influence of Si–doping on the bias–dependence of the integrated PL
intensity at pH 7. For better comparability the intensities are normalized
to their value at UC = 400 mV. Different Si–concentrations are indicated
by their respective BEPSi values. Additionally, the response of a n–GaN
substrate with a Si–concentration of nSi = 5·1018 cm−3 is shown. b) Influ-
ence of Si–doping on the absolute PL intensity at pH 7 for UC = 400mV.
Different Si–concentrations are indicated by their respective BEPSi val-
ues.

The GaN layer shows a qualitatively similar behavior, however, the magnitude of
the relative PL response within the achievable potential window is more than one
order of magnitude smaller than for n.i.d. NWs.

The absolute PL intensity increases significantly with higher Si–concentration as
depicted in Figure 5.14b and can be attributed to a larger NW center region. The
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slight shift of the emission intensity with increasing Si–concentration was also ob-
served in literature [36] and can be attributed to the Burstein–Moss effects [32].

5.3.2. Interfacial Hole Transfer
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Figure 5.15.: a) PL Spectra recorded in IL of a n.i.d. GaN NW sample under various ca-
thodic bias values compared to measurements in PBS at a similar sample.
b) The calibration curves extracted from a) for the used IL and PBS at
pH 7. The insert in b) shows the PL spectra recorded at floating potential
in [EMIM][NTf2] and 10mM PBS with identical laser excitation.

A different approach to verify the importance of interfacial hole transfer is the use
of an electrolyte that is free of hydroxide ions, as provided by ionic liquids ILs, which
are non–aqueous electrolytes based on large asymmetric organic cations. When such
an electrolyte is in electrical contact with the NW surface the interfacial hole transfer
can not occur due to the absence of OH− ions.

Figure 5.15a shows the PL spectra recorded for a n.i.d. GaN NW sample in contact
with [EMIM][NTf2] as electrolyte. Qualitatively the sample shows a similar behav-
ior as in PBS (cf. Figure 5.5). When comparing the PL recordings under floating
conditions it becomes obvious that the overall signal intensity from the sample con-
tacted with the IL is a factor six higher than for the same sample contacted with PBS
as depicted in the insert in Figure 5.15b. This can be directly related to the absence
of hydroxide ions OH− in the solution which effectively suppresses the interfacial
charge transfer of photo–generated holes to OH− ions. Instead, these holes are now
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available for radiative recombination with electrons and contribute to the overall
PL intensity. Independent of the electrolyte, non–radiative recombination via sur-
face states can still occur and leads to a reduction of the PL intensity.

Following the same data evaluation as for PL spectra recorded in PBS, the calibra-
tion curve for the n.i.d. GaN NW sample in the IL is depicted in Figure 5.15b with
the corresponding curve in PBS at pH 7. Comparing the two calibration curves,
it is apparent that the onset potential for the by IL–contacted n.i.d NW sample is
shifted to higher values of UC compared to the PBS–contacted sample and that the
lowest achievable PL intensity is by an order of magnitude higher in [EMIM][NTf2]
as electrolyte. A possible explanation for the potential offset can be found in the
higher resistivity of the IL compared with PBS or, more probably, in the liquid junc-
tion potential (LJP) between the Ag/AgCl reference electrode which was used in
this proof of principle experiment2. The LJP for the water/water–free organic sol-
vents interface is part of extensive research. LJP comparable to the here presented
Ag/AgCl/[EMIM][NTf2] interface are in the order of 300 to 700 mV [107].

Besides this indirect method to determine the importance of the interfacial hole
transfer on the GaN NW PL, a direct method can also be applied. In electron param-
agnetic resonance (EPR) experiments we have recently shown, that the formation of
the hydroxyl radical OH· occurs. The hydroxyl radical OH· is formed by transfer of
a photo–generated hole from the GaN NWs into a hydroxide ion OH− under UV–
illumination. A detailed description of the experiments and the results can be found
in [108].

5.4. Summary

In summary, it was shown that the PL intensity of GaN NWs in electrolytes sensi-
tively responds to the pH of the solution and the applied bias. Cathodic bias and a
decreasing pH result in a strong increase of the PL intensity. This behavior was as-
signed to a reduction of the upward SBB that attenuates surface recombination and
the transfer of photo–generated holes to redox levels of the electrolyte and thereby
enhances radiative interband recombination in the NW. The resulting pH response
strongly increases with higher cathodic bias and smaller pH, allowing the electro-
chemical definition of a working point with optimized sensitivity. It was demon-
strated that for GaN NWs a resolution of better than 0.05 pH can be achieved for a

2The disadvantages of the water based Ag/AgCl reference electrode in contact with water free IL
are well known but in this case of primary proof of principle experiments tolerated.
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cathodic bias of 1000 mV around pH = 7.

To further confirm the presented extended "dead layer" model, the influence of
Si–doping and the importance of the interfacial hole transfer into the hydroxyl rad-
ical were examined. For the latter a non–aqueous electrolyte is used. This addi-
tional findings reassure the proposed mechanism responsible for the pH– and bias–
dependent luminescence of GaN NWs.

5.5. Influence of Mg–doping

In section 4.2.2, the characterization of Mg–doped GaN NWs showed that the exis-
tence of p–type regions is likely for high Mg–concentrations (cf. measured values of
the UOCP in section 5.1), although p–type conductivity cannot be is achieved for the
complete NW.

As a consequence of the SBB in the n–type n.i.d. and Si–doped GaN NWs, the
photo–generated holes can cause an oxidation at the surface. Due to the different
SBB for p–type semiconductors (cf. section 2.1.1), which leads to an accumulation of
photo–generated holes in the NW center, this reaction is attenuated. consequently,
these NW can be assumed to be more stable even under basic pH values.

This section the first results of the photoelectrochemical characterization of Mg–
doped GaN NW samples are presented. Figure 5.16a displays the PL spectra of
five GaN NW samples with different Mg–concentrations recorded at RT in ambient
atmosphere. The Mg–concentrations of these NW samples were analyzed directly
by secondary ion mass spectrometry (SIMS) in [96].

For better comparability, all PL spectra are normalized to the peak–value of the
GaN emission. With increasing Mg–doping a shoulder on the low–energy side of
the GaN peak appears, corresponding to a second luminescence peak at an energy
of ≈ 3.2 eV for [Mg] = 1.3 · 1019 cm−3. Figure 5.16b shows the extracted peak po-
sitions from the PL spectra in Figure 5.16a as a function of the Mg–concentrations
measured in [96]. The small red shift of the band edge emission for the highest Mg–
concentration (red) is attributed to band gap renormalization. For the second peak
a shift in the emission to lower energies is obvious for increasing Mg–concentration.

Power–dependent PL spectra were recorded for the Mg–doped NW ensemble
with [Mg] = 5.4 · 1018 cm−3 in order to determine the origin of this second emis-
sion peak. Figure 5.17 shows 5 PL spectra recorded at RT in ambient atmosphere
for different excitation intensities, ranging from 0.05 % to 5 %. This corresponds to a
excitation power density of 2 Wcm−2 to 200 Wcm−2. While the near band gap GaN
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Figure 5.16.: a) PL spectra recorded at ambient atmosphere and RT for NW ensem-
bles with different [Mg] normalized to the GaN emission. The arrows
indicate the energetic position of a second detectable luminescence peak.
b) Emission energy positions of the two measurable peaks for Mg–doped
GaN NWs as a function of Mg–concentrations according to [96].

emission remains at a constant position, the second peak shifts to higher energies
with increasing excitation intensity.

According to the power– and concentration–dependent energetic position of the
emission peak, this second emission can be attributed to a DAP recombination re-
lated to the Mg–doping at RT similarly to GaN layers [36, 38, 109].

Eq. 5.15 describes the energy of the photons emitted by the DAP recombination,
in dependence of the donor and acceptor energies.

EDAP = Eg − EA − ED + e2

4 · π · ε0 · εr ·RDA

(5.15)

The energy of the emitted photon EDAP is increased by the amount of e2

4·π·ε0·εr·RDA

which represents the coulomb coupling between electron and hole. Using the as-
sumption that EA = 260 mV [41] and ED = 42 mV [110] (for an ON donor) the emis-
sion maxima in Figure 5.16b are fitted and displayed by the broken line. The high
ionization energyEA of the MgGa acceptor explains the stability of the DAP lumines-
cence even at RT. It is obvious that for a increasing [Mg] the value of RDA decreases
leading to an increased coulomb interaction term.

In the sections 4.2.3 and 5.3 the diameter was identified as a crucial parameter for
the electrochemical and photoelectrochemical properties of n.i.d. and Si–doped GaN
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Figure 5.17.: PL spectra of the NW ensemble with [Mg] = 5.4 · 1018 cm−3 recorded at
different excitation power densities.

NWs. In the case of Mg–doping the influence of the NW diameter is also reflected
in the PL characteristics as depicted in Figure 5.18 for the NW ensemble with [Mg] =
1.2 · 1020 cm−3. It is shown that the relative intensities of the near band edge emission
(NBE) of GaN and the DAP luminescence sharply depend on the NW diameter.
This relation of the integrated PL emission intensities is shown as a function of the
average NW diameter in Figure 5.18.

It is obvious that for NWs with a diameter > 75 nm the DAP luminescence exceeds
the NBE luminescence, resulting in a ratio of NBE/DAP ≤ 1 (cf. spectrum upper
right corner in Figure 5.18). NWs with a diameter below 75 nm are characterized
by a strong NBE luminescence and a weak DAP (cf. spectrum lower left corner in
Figure 5.18).

Considering the temperature–dependent incorporation of Mg into the GaN NWs
during the growth process [14] differences in the Mg–content among the NWs will
also occur. Furthermore, Furtmayr et al. [14] reported that increasing Mg incorpora-
tion leads to an increasing average NW diameter. Consequently, it can be assumed
that thicker NWs posses a higher Mg–concentration than thinner NWs.

This interpretation is further confirmed by the evaluation of the energetic position
of the DAP as a function of the NW–diameter as shown in Figure 5.19 which indi-
cates a lower DAP emission energy for larger diameters corresponding to a higher
overall Mg incorporation [14].
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Figure 5.18.: The relation between the PL intensity of the NBE emission of GaN and
the DAP as a function of the NW diameter. The inserts show one PL
spectrum of a DAP–dominated NW ensemble (upper right corner) which
can be detected for thicker NWs and a GaN NBE dominated PL spectrum
(lower left corner) characteristic for thinner NWs.

An additional effect of Mg–doping on the PL properties is the loss of intensity
due to the formation of structural defects [14, 96]. The insert in Figure 5.19 shows
the PL spectra for differently Mg–doped NW samples with applied cathodic bias UC

= 1200 mV in PBS at pH 7. It is obvious that the intensity decreases with increas-
ing Mg–concentration. While the NWs with the lowest Mg–content show a GaN
emission intensity comparable to that of a n.i.d. NW sample, the PL intensity of the
sample with the highest Mg–content is reduced by a factor of > 100.

pH– & bias–dependence

Following the same procedure as for the n.i.d. and Si–doped GaN NW samples,
the PL of Mg–doped NWs is examined as a function of pH and bias. The floating
potential with illumination (UOCP ≈ 460 mV) is measured and used as reference for
the cathodic bias application. Figure 5.20a shows the PL spectra of a Mg–doped
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Figure 5.19.: The energetic position of the DAP luminescence as a function of the
extracted average NW diameter. The insert shows the NBE emission peak
magnified for 5 PL spectra of differently Mg–doped GaN NW ensembles
in PBS at pH 7 and UC = 1200mV. The arrow points towards higher
Mg–concentrations. Note that the spectrum with the lowest intensity is
recorded at 10 fold higher excitation intensity.

GaN NW sample with [Mg] = 3.8 · 1019 cm−3 at UC = 900 mV between pH 7 and pH
1. Both, the NBE GaN peak and the DAP peak respond to a decreasing pH with an
increasing PL intensity while the FWHM and the emission energy remain constant.
In Figure 5.20b PL spectra for various applied UC in PBS at pH 7 are shown. For
clarity, only the spectra between UC = 850 mV and UC = 1200 mV ar depicted. Again,
both luminescence peaks react to increasing UC with increasing PL intensity. This
behavior is the same as observed for the n.i.d. NWs examined so far.

Similar to the evaluation of n.i.d. and Si–doped NWs, calibration curves from
the bias–dependent PL spectra for both emission peaks can be extracted. This is
depicted in Figure 5.21 for the pH values between pH 7 and pH 1 in the voltage
range between UC = 400 mV and 1200 mV. The NBE GaN intensity was integrated
between 3.35 and 3.45 eV and the DAP was integrated between 3.0 and 3.2 eV. To
be able to compare the PL responses, the calibration curves are normalized to the
integrated PL intensity at UC = 400 mV in pH 7. The calibration curves in Figure 5.21
show the typical behavior explainable by the enhanced dead layer model for both
luminescence peaks. In the case of the GaN NW ensemble with [Mg] = 4.6 · 1019

cm−3 [96] grown on p–type substrate examined here the achievable intensity gain
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Figure 5.20.: PL spectra of a Mg–doped GaN NW sample ([Mg] = 3.8 · 1019 cm−3) for
a) pH 7 to 1 at UC = 900mV and b) for bias values between UC = 850mV
and UC = 1200mV in steps of 50mV at pH 7.

for the DAP related luminescence peak is significantly higher compared to the NBE
of GaN for all pH values < pH 7. If this effect can be exclusively related to the
Mg–doping or the average NW diameter cannot be fully classified based on the
presented data.

PL measurements in basic solution reveal a good stability of the NW ensemble as
shown by the calibration curves recorded in PBS with basic pH values between pH
7 and pH 12 presented in Figure 5.22.

These preliminary results indicate the large impact of Mg–doping on the PL prop-
erties of GaN NWs. The data recorded in the scope of this work indicate a strong
relation between Mg–concentration in the NW and the sensitivity of the DAP emis-
sion to bias and pH changes and further strengthens the importance of the single
NW diameter.

One method to examine the PL of Mg–doped GaN NWs further could be the clear
identification of the measured region for a subsequent SEM analysis of the exact
NW diameters.
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Figure 5.21.: Calibration curves for the Mg–doped GaN NW ensemble ([Mg] = 4.6 ·

1019 cm−3) for the GaN near band edge and the DAP emission for the pH
range between pH 7 and pH 1. All integrated intensities are normalized
to the PL intensity recorded at UC = 400mV pH 7.
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Figure 5.22.: Calibration curves for the Mg–doped GaN NW sample ([Mg] = 4.6 · 1019

cm−3) for the GaN near band edge and the DAP emission for the pH
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Chapter 6

Application of Gallium Nitride
Nanowires as Optical pH–Sensors

The pH–measurement in electrolytes is an important task in chemical industry, food produc-
tion and water–monitoring but also for biochemical applications, e.g. monitoring enzymatic
activity or cell metabolism [111, 112, 113, 114]. The emerging field of nanoparticles relies
inseparable on solution–based methods for the chemical synthesis which depend on the exact
knowledge of the pH [115]. Of special interest are the fields of artificial photosynthesis and
photoelectrochemical water–splitting [116] which are regarded as green technologies. All
these technologies require a reliable and cheap method to control the pH of a solution. A
more detailed overview on different existing methods for the determination of the pH value
in electrolytes is given in the appendix D.

6.1. Detection Principle

According to the presented results on the pH dependence of the PL intensity of GaN
NWs, the application as optical pH sensor is discussed in this section and the first
proof of principle for biologically induced pH detection experiments are presented.

According to the extended "dead layer" model discussed in section 5.3, the cali-
bration curves are unique for each pH value. The derivative of a calibration curve
in the following is, referred to as optical transconductance which defines the point
with the highest slope and consequently the highest sensitivity towards changes of
the potential. The optical transconductance is depicted in Figure 6.1a for the sim-
ulated calibration curves according to Eq. 5.14 for pH 1, 3 and 5. The maximum
of the optical transconductance depends on the pH. This concept is applied to the
measurement data presented in Figure 6.1b for a n.i.d. GaN NW sample. The cor-
responding optical transconductances are depicted for the pH values of 5, 3 and 1.
This fact allows a pH detection that can compensate fluctuations in the overall PL
intensity which is favorable in long term use.

In the following, several issues that are relevant for the application as a pH sensor
are discussed on the basis of specific experiments.
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Figure 6.1.: Calibration curves for a n.i.d. GaN NW sample at pH values of 5, 3, 1 with
the normalized derivatives representing an optical transconductance.

6.1.1. Reproducibility

For a possible application as a pH sensor the reproducibility of the sensor is a cru-
cial parameter. Figure 6.2a shows 12 PL spectra recorded for different pH values
between 7.4 and 6.6. Each pH was preadjusted in a particular reservoir. In the in-
sert of the Figure the two PL spectra recorded at pH 7.1 are magnified to allow a
discrimination. During the experiment the reservoirs were exchanged carefully to
guarantee that no air is injected into the measurement setup and that the applied ca-
thodic bias potential is maintained during the solution exchange. All spectra were
recorded in PBS at UC = 1000 mV. The measurement spot was illuminated under
applied bias conditions for 25 minutes previous to the actual measurements to guar-
antee the complete stabilization of the PL intensity (cf. section 5.1).

In Figure 6.2b, the integrated PL intensities (between 3.35 and 3.45 eV) from Fig-
ure 6.2a are arranged in the order of their recording.

The recorded spectra and the integrated intensities in Figure 6.2 indicate the high
accuracy and reproducibility of the pH–dependent PL intensity measurement for
GaN NWs in three electrode configuration.

6.1.2. Response Time

Another possible detection method is the transient PL measurement while the pH
is exchanged. Figure 6.3a shows the integrated PL intensity during a pH exchange
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Figure 6.2.: a) 12 PL spectra recorded for GaN NWs in the pH interval between 7.4
and 6.6. The insert shows the two magnified spectra recorded at pH 7.1.
b) Corresponding integrated PL intensities in the order of recording.

for a n.i.d. GaN NW sample. Obviously the PL resembles all pH steps with a slight
delay that can be attributed to the tube length between reservoir and measuring cell.

Figure 6.3b shows in a magnified diagram a part of Figure 6.3a of the pH steps
between pH 6.82 and pH 6.94 and between pH 6.94 and pH 7.05. The broken lines
indicate the times of executed pH changes. It is clearly visible that the PL transient
requires three to four measurements to reach the stable plateau (indicated by the
dotted lines). With the duration of one PL recording of ≈ 10 s this results in a re-
sponse time of the system of 30 – 40 s to pH changes. This response time is specific
for this system and is assumed to be lowerable by the optimization of electrolyte
inlet and measuring time.

6.1.3. Sensitivity

Due to the restrictions of the glass electrode pH sensor with a resolution of 0.01 pH
and the lack of temperature control a pH resolution > 0.05 cannot be realized. An
alternative to test the maximum sensitivity are bias–dependent transients. To sim-
ulate the maximum achievable resolution, two bias–dependent PL transients were
recorded at pH 7. Both transients, depicted in Figure 6.3b, were recorded using
identical experimental conditions but vary in their electrolyte concentration (10 and
1 mM PBS), which implies different conductivities of the electrolyte.
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to pH 7.05 indicating the delayed PL reaction.

The response of the PL intensity upon variation of UC in steps of 1 mV from 1000
to 990 mV was detected for both concentrations.

These results show that variations as small as 1 mV can be resolved in the PL
response even for diluted concentrations (1 mM PBS). Under consideration of the
pH–induced shift of Int(UC) between 40 and 90 mV/pH (cf. Figure 5.7a), which is
in good agreement with the reported pH dependence of the surface potential of c–
plane GaN layers [98, 99], a bias–variation of 1 mV corresponds to differences in pH
of 0.01 to 0.03.

6.1.4. Detection of an Enzymatically produced pH Change

As a proof of principle for the detection of a biologically induced pH change, the
enzymatic conversion of penicillin–G into penicilloic acid by penicillinase is exam-
ined on basis of the PL intensity change of GaN NWs. The deprotonation of the
enzymatically produced penicilloic acid is the pH relevant process. Details about
the used enzyme and the occurring reaction can be found in [117, 118, 119].

The measurement setup described in section 3.4.1 was modified in order to reduce
the measurement volume of the measuring solution to a minimum of 10 ml. To guar-
antee a homogeneous distribution of enzyme and substrate the experiments were
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performed while the electrolyte was exchanged at maximum rate of 30 ml/min. The
measurements were carried out at room temperature.

To detect the enzymatically catalyzed production of penicilloic acid, the PL of a
n.i.d. GaN NW sample in 1 mM PBS at the working point at UC = 1000 mV (cf. sec-
tion 5.1) at pH 7 [120] is monitored.

Figure 6.5 shows two transient PL measurements. The penicillinase concentra-
tions were adjusted to 0.49µM (represented by the open circles) and 0.25µM (rep-
resented by the open triangles) and fully dissolved in the circulating PBS before the
measurements started. In 10 intervals of ≈ 2.5 minutes length, 6 mmol of penicillin–
G solution were added. The stepwise shape of the transients indicates that it is
possible to detect the enzymatic activity of penicillinase by the transient changes in
the GaN NW PL for both enzyme concentrations. Both PL transients reproduce the
stepwise structure of the substrate addition curve. The curve for 0.25µM penicilli-
nase is shifted to higher PL intensities for clarity.

A more detailed examination of the curve for 0.49µM penicillinase reveals that
per addition interval of penicillin–G the PL intensity rises by≈ 7%. According to the
transient pH measurements this corresponds to a pH change of 0.06 pH per interval.

Assuming that no UV–induced degradation of the penicillinase occurs, the smaller
amount of penicillinase should catalyze the same amount of added substrate in a
extended period of time. On the same timescale the lower concentration of peni-
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Figure 6.5.: Transient PL intensity measurements of penicillinase activity upon 10 addi-

tions of 0.6mM penicillin–G for two different concentrations penicillinase.
The staircase function indicates the penicillin–G addition.

cillinase catalyzes less penicillin–G and consequently leads to a less detectable pH
change.

6.2. Indium Gallium Nitride NWs

For biological-related application in optical pH–detection, the above band gap il-
lumination with Eexc > 3.41 eV (363.63 nm) necessary for GaN NWs is problematic
due to the destructive influence of UV light (< 320 nm) on the Deoxyribonucleic acid
(DNA). A possible alternative are the ternary alloys consisting of Gallium, Indium
and Nitrogen. The energy gaps for these group III–nitride materials can be adjusted
to the visible regime. By lowering the bandgap of the material, lower excitation
energies are sufficient to excite the PL. Figure 6.6a depicts the bandgap of the al-
loy composition In1-xGaxN for an Indium content between 0 and 100 % [121]. The
theoretical shape is plotted according to reference [122]:

Eg(In1−xGaxN) = xEGaN
g + (1− x)EInN

g − bx(1− x) (6.1)

Eq. 6.1 represents the so–called virtual crystal approximation with the bowing
parameter b = 1.1 according to [27, 122].

Therefore, a possible alternative to the GaN NWs examined so far InGaN/GaN
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NWs.

NW structures will be examined in the following. The schematic structure of the
NWs is depicted in the inset in Figure 6.6b. On top of an initially grown GaN base
part the InGaN part was grown at a lower substrate temperature of 560◦C, leading
to an increase of the NW tip diameters up to about 90 nm. From the position of
the PL emission energy peak at T = 4 K the In concentration is estimated to 36 %
using Eq. 6.1 with a conduction band offset to GaN of 1.20 eV [27]. The growth
conditions of the InGaN NWs used here are similar to those described for the growth
of InGaN nanodisks in GaN NWs presented in [121]. Recently, Tourbot et al. [123,
124] demonstrated that in InGaN/GaN NW the formation of In rich areas occurs.
This would lead to a broadening of the overall PL spectra as it can be observed in
Figure 6.6b.

In Figure 6.6b the PL excited with the UV–laser (HeCd laser (30 mW), λ = 325 nm)
is depicted at pH 7 for two different bias values UC = 300 mV and UC = 1000 mV. It is
clearly visible that the PL emissions of both parts of the NW, namely the GaN Base
and the InGaN top, increase to cathodic bias application. The absolute PL intensities
of the GaN and InGaN emission cannot be compared as the spectra are not corrected
for the response of the optical system which, however, is not necessary as here the
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interest is focused on the relative variations of the intensity.
In the following, a green laser (λ = 532 nm) is used for PL–excitation.
Figure 6.7a shows the PL spectra for the pH values between 7 and 1 and a cathodic

bias of UC = 200 mV. The PL emission of the InGaN part shows in principle the same
the same evolution for bias application and pH changes as the GaN NWs. However,
in this case the PL spectra at UC = 200 mV for pH 2 and pH 1 are almost identical.
Figure 6.7b shows the integrated PL intensities for different pH values. In contrast
to the pure GaN NWs these calibration curves are not normalized to the PL value
corresponding to a UC ≈ UOCP but to the UC producing the maximum achievable PL
intensity for each pH value.
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Figure 6.7.: a)PL spectra of GaN/InGaN NWs recorded at various pH values at UC
= 200mV. b) The normalized integrated PL intensity (between 1.95 and
2.15 eV) as a function of bias and for different pH values. The data are
normalized to the maximum achievable PL intensity for each pH value.

The intensity modification by external bias and pH are far smaller than for GaN
NWs. While for GaN NWs an intensity enhancement of up to a factor of 200 is
observed for the InGaN NWs the factor was 3 at max. According to the model pre-
sented for the GaN NW in section 5.3 this reduced enhancement factor indicates a
smaller SBB in the InGan/GaN NWs and as a result a lower non radiative recom-
bination rate. The fact that the saturation of the PL intensity is achieved at lower
values UC ≈ 900 mV (pH 7) and UC ≈ 400 mV (pH 1) also points towards the direc-
tion of less pronounced loss processes. Consequently, less potential is required to
overcome the loss processes by establishing a inversion layer at the surface of the
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InGaN.

6.2.1. Detection of an Enzymatically produced pH Change

The experiment to detect the enzymatically produced penicilloic acid with GaN
NWs and UV–illumination presented in section 6.1.4 is repeated in the following
with the above presented GaN/InGaN NWs excitable with a green laser. Excitation
in the visible range is noncritical when it comes to more complex biological system
e.g. living cells.

The working point was set according to the optical transconductance in Figure 6.7b
to UC = 300 mV. Figure 6.8 shows the pH change resulting from the enzymatic reac-
tion of penicillin–G to penicilloic acid as transient PL intensity measurements at
the GaN/InGaN NW sample. The recorded PL transient shows more noise than the
comparable transient with GaN NWs in Figure 6.5. Nevertheless, the substrate steps
are resembled in the PL transient for the substrate concentrations > 400µM.
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Figure 6.8.: The pH change resulting from the enzymatic reaction of penicillin–G to
penicilloic acid catalyzed by penicillinase is detected optically by a PL
intensity transient at a GaN/InGaN NW sample at UC = 300mV. The
staircase function indicates the penicillin–G addition.
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Chapter 7

Conclusion & Outlook

In the present work, the potential of group III–nitride nanowire (NW) ensembles for
application as bio–chemical sensors with optical readout was evaluated. The sample
analysis was divided into two main parts. At first, an electrochemical analysis with
impedance spectroscopy (IS) and cyclic voltammetry was conducted. The second
part comprises a photoelectrochemical examination by means of photoluminescence
spectroscopy (PL) at room temperature.

In the electrochemical characterization by impedance spectroscopy the recorded
impedance spectra were evaluated by comparison to an electrical equivalent cir-
cuit (EEC) consisting of ideal electrical elements. The influence of Silicon– and
Magnesium–doping on the extracted parameters defining the NW/electrolyte inter-
face, the surface capacitance (CS) and the surface resistance (RS), was investigated.

Comparing the n.i.d. GaN NW ensembles to Si–doped ensembles reveals an in-
crease of CS from (2.2 ± 0.3) µF cm−2 to (55.6 ± 31.2) µF cm−2 with a simultaneous
reduction of RS. This is assigned to the formation of a conductive channel inside the
NWs. For Mg–doped NWs only a slight increase of RS in combination with a small
decrease of CS was observed and assigned to compensation of the residual n–type
doping. Open circuit voltage measurements for higher Mg–concentrations ([Mg]
> 1020 cm−3) measured under illumination indicate the presence of p–type regions
along the NWs.

According to the extracted electrochemical parameters (CS, RS) the NWs were
classified into two groups. On the one hand, the conductive NWs, defined by a high
CS (> 10−5 F cm−2) in combination with a low RS (< 10−7 Ω cm2). On the other hand,
the resistive NWs which were characterized by a lower CS and higher RS.

The differences between these two groups were explained in terms of different
bandprofiles within the NWs. Assuming a constant diameter along the NW growth
axis the width of the space charge regionWSCR depends on the doping concentration.
Due to Si diffusion the doping concentration is known to be higher in the region
close to the interface to the Si substrate. The interplay between the NW diameter d
and the surface band bending (SBB) determines the potential barrierUfb for electrons
to reach the surface. For conductive NW a high doping concentration and/or a
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large diameter allows the formation of a conductive channel in the NW so that the
complete NW to contributes to CS and RS. On the contrary, a resistive NW with
a thin diameter is fully depleted of charge carriers as the space charge region is
extended throughout the whole NW.

This model was approved by cyclic voltammetry measurements which indicate
the interfacial charge transfer into a redox couple (Fe2+/Fe3+) occurring only for
conductive NWs.

Bias application allows for the modification of the SBB inside the NWs which was
investigated by bias-dependent IS analysis. Cathodic bias application decreases
WSCR for resistive NWs, resulting in an increase of CS accompanied by a signifi-
cant decrease of RS (by up to two orders of magnitude). Anodic bias application
showed the opposite effect of a sharply increased RS (by two orders of magnitude)
and a slightly decreased CS for the conductive NW sample with the highest Si–
concentration, indicating that the electrical characteristics of NWs can be controlled
by externally applied bias.

The photoluminescence of GaN NW ensembles in electrolyte solution was char-
acterized as a function of the externally applied bias (UC) and the pH value. It was
shown that the intensity of the PL intensity strongly depends on the bias and the
pH, while its energetic position and full width at half maximum (FWHM) remain
unchanged.

These results were discussed on the basis of the extended "dead layer" model for
semiconductors, assuming the absence of radiative recombination within the space
charge region WSCR. Photo–generated charge carriers can either recombine non–
radiatively at the surface or radiatively in the field–free NW center. The application
of cathodic bias at constant pH directly impacts the SBB with the result that photo–
generated holes are no longer attracted towards the surface. As a consequence the
radiative recombination rate increases while non–radiative losses at the surface de-
crease. At constant bias the decrease of the pH value below 7 leads to a similar
increase of the intensity. This was explained in terms of the site–binding model
which states that in acidic solutions the surface becomes more positively charged.
This impacts the SBB in a similar manner as cathodic bias.

Blocking the interfacial hole transfer by the exchange of the water–based elec-
trolyte with an ionic liquid resulted in an overall higher PL intensity indicating the
importance of this loss mechanism. The "extended dead layer model" was con-
firmed by analysis of Si–doped NWs that exhibit a higher SBB due to the smaller
width of the SCR. First results on the influence of Mg–doping of GaN NWs were
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presented.

The GaN peak of Mg-doped NW ensembles showed a response towards cathodic
bias and pH identical to that of n.i.d. GaN NWs. A second luminescence peak at-
tributed to a DAP recombination reacts in a similar manner towards bias and pH
changes as the near band edge emission. The PL intensity ratio of both peaks
strongly depends on the diameter of the examined NWs. Thicker NW contain a
larger amount of Mg which results in a dominating DAP luminescence while thin-
ner NW are dominated by the GaN emission.

Finally, a conceptional study of NW ensembles as an optical transducer for pH
detection was briefly presented. According to the "extended dead layer model" the
optical transcoductance could be defined. With this definition of a working point of
the sensor was examined with the purpose of testing the sensor with respect to its re-
producibility, response time, and sensitivity. The data indicated that with the setup
used here a pH resolution of 0.05 pH can be achieved with high reproducibility.

Finally, two proof of principle measurements were presented where the enzymat-
ically catalyzed production of penicilloic acid accompanied by a subsequent pH
change was optically detected with GaN and InGaN/GaN NWs.

Outlook

The measurement showed the strong influence of the diameter on the (opto) elec-
trochemical properties of NWs. Therefore, the exact knowledge, in the ideal case
the control, of the NW diameter and the NW length at the measurement position is
of major importance for further measurements. In the case of Mg–doped NWs this
could enable a better understanding, especially about how the Mg–incorporation in
the NWs is accomplished and this influences the sensitivity of the DAP lumines-
cence which is not interfered by the intrinsic water luminescence.

In comparison to Si–doping, Ge–doping of GaN NW promises a smaller impact
on the structural properties and strongly suppresses the lateral growth of highly
doped NW. With a possible gradual Ge–doping along the NW growth axis it might
be possible to adapt a desired evolution of the SBB along the growth axis without
the disadvantage of an increasing diameter.

Following another approach, the use of heterostructures, like quantum disks of
GaN embedded in AlGaN NWs or InGaN in GaN Nws, could be a way to increase
the sensitivity and stability and to overcome the interference of the GaN emission
with the intrinsic water luminescence. The approach with a quantum disk structure
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might also offer a way to increase the SBB in InGaN NWs with the aim to achieve
higher intensity changes. A better conductivity of the GaN base region could further
be achieved by doping.

In a first proof of principle experiment the spatially resolved detection of the PL
with a standard microscope setup was demonstrated using InGaN/GaN NWs. Fig-
ure 7.1 depicts a series of microscope images recorded for an InGaN/GaN NW sam-
ple at different applied UC in 10 mM PBS. The PL was excited with a mercury arc
lamp using an excitation filter (530 – 580 nm) and the detection of PL–light λPL ≥
615 nm was detected using a CCD camera. It can be seen, that the intensity of the PL
emission first decreases under the reduction of UC till the sample is completely dark
(between UC = 400 mV and UC = 0 mV). In the following increase of the cathodic bias
the PL intensity is increased again. It is also obvious that the images shows areas
that shine brighter and react at other values of UC with an intensity change. This
can be attributed to inhomogenities across the NW ensemble indicating towards
different In–concentrations or NW diameters.

UC = 1000 mV UC =  900 mV UC =  800 mV UC =   700 mV 

UC =  600 mV UC =  500 mV UC =  400 mV UC =      0 mV 

UC =  400 mV UC =  500 mV UC =  600 mV UC =   700 mV 

UC =  800 mV UC =  1100 mV UC =  900 mV UC =  1200 mV 

Figure 7.1.: Subsequent microscopic images taken of a InGaN/GaN NW sample at
different applied UC. The area depicted is ≈ 0.5 mm2.
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Chapter 7: Conclusion & Outlook

With optimized InGaN/GaN NWs the detection of local pH–changes produced
e.g. by cells is possible. With a time–resolved recording this could offer a completely
new approach for in–vitro monitoring of any kind of biological process that involves
a pH change.
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Appendix A

Sample Inhomogeneities

As a consequence of the self–assembled growth process the resulting NW ensemble
yields a certain inhomogenity of the NW height, diameter and density. One main
reason for this fluctuations is the non uniform heat–distribution across the substrate
surface which has a larger impact with increasing sample size. These fluctuations
also influence the incorporation of dopands and the growth rates of the NWs.

300 nm

Figure A.1.: Four scanning electron microscope images of a Mg–doped GaN NW sample
([Mg] = 1.2 · 1020 cm−3) taken at different positions (as indicated) of the
sample.

Due to the relatively large sample area defined for the electrochemical measure-
ments (≈ 50 mm2 ) the effects of the wire–to–wire fluctuations can be negelcted. The
situation changes significantly for the photoelectrochemical experiments where the
illuminated spot on the NW sample is < 0.01 mm2. In this case the local wire–to–wire
variations have a great impact on the experimental results.

Figure A.1 illustrates this issue for a Mg–doped NW sample ([Mg] = 1.2 · 1020

cm−3 [96]). Different SEM images recorded at the indicated positions visualize these
strong fluctuations. A clear assignment of a specific area with average NW geometry
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to the reflections of one color is not possible.
In summary it can be stated, that for the Mg–doped GaN NWs the average thick-

ness of the examined NWs is of major importance for the expectable DAP lumines-
cence.

102



Appendix B

Electrostatic Charging of GaN NWs

The structural evaluation of the NW ensembles is typically performed in a scanning
electron microscope (SEM). Depending on the actual diameter and height of the
NW a charging effect leading to an agglomeration of the NWs is observable. Single
NWs are charged up by the incident electron beam (Uac = 30 keV) in dependence of
their conductivity. Thicker NWs due to the presence of an conductive channel in
their centrer avoid being strongly electrostatic charged. Figure B.1 shows a series
of three SEM images taken from a live examination of a n.i.d. GaN NW ensemble.
The first image was recorded directly at the beginning of the examination at t = 0 s.
The second image was taken after 15 s and the last after 35 s continuous detection.
Changes in the overall NW morphology occurring in the first Intervall are indicated
by the red circles in the upper and middle image. Subsequent occurring changes
in the second interval are marked by orange circles in the middle and lower image.
From the inspection of both intervals the electrostatic induced moving of NWs is
clearly demonstrated. Smaller NW move towarda thicker NW or groups of NWs.

Whether this effect leads to a detachment of NWs from the substrate or if the
NWs only bend over, can not be distinguished from these findings. Nevertheless,
the process seem irreversible when the NWs have clutched together.

In summary can not be excluded, that this agglomeration of NW also occurred
during the EIS measurements. However, this effect is very distant sensitive and can
not be responsible for the complete stripping of NWs that is pictured in section 4.2.1
Figure C.2.
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t =  0 s

t = 35 s

t = 15 s

Figure B.1.: A series of three SEM images. The red circles indicate the position where
morphological changes occure due to electrostatic charging after 15 s the
orange circles after additional 35 s. The size of the scale bar is 100 nm.

104



Appendix C

Long Term Stability

According to the classification of GaN NWs into resistive and conductive the repro-
ducibility of the measured IS is different. As representative of the resistive group a
Si–doped GaN NW sample (TSi = 980◦C) was repetitive measured over a period of
14 months. Figure C.1a shows IS after different storage times (1 to 7 months). The
stars in Figure C.1a represent the first recorded IS at UC = 0 mV after the correspond-
ing storage period (under ambient atmosphere) and the filled circles the stabilized
spectrum. Complete recovery of the IS shape is observed after all three storage pe-
riods. The number of measurement cycles required to reach the stabilized spectra
increases with increasing storage time.
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Figure C.1.: a) IS for a resistive NW recorded in various time intervals. The first
and the last measurement at UC = 0 are depicted. b) Evolution of the
extracted electrical parameters for two resistive and two conductive NW
samples. The stabilized values are indicated by the colored bars.

Figure C.1b shows exemplarily the extracted values for the surface capacitance
for the sample depicted in Figure C.1a and a conductive NW ensemble at the fixed
frequency of ω = 103 s−1. The star symbols indicate the values extracted from the
first measurement of each series, while the circle (resistive NWs) and squares (con-

105



ductive NWs) represent the stabilized parameters. It is obvious that the surface
capacitance CS decreases by almost one order of magnitude after storage in air due
to an additional contribution from the second RC–element. The extracted values for
CS at the beginning of the measurements (represented by stars) and at the end of the
stabilization (full circles) indicate complete reversibility of the storage induced ef-
fects for resistive NW samples. The arrows indicating the recovery ofCS for resistive
NWs are additionally marked by a r.

For the conductive NW this effect is also measurable. After a storage period the
IS shape indicates the presence of adsorbates that are stripped during IS recording.
In contrast to resistive NW the stabilized value for CS does not fully resemble the
initial value. Figure C.1b depicts the evolution for conductive NWs (TSi = 1160◦C)
represented by the square symbols. It becomes obvious that irreversible changes at
the surface occur, which permanently decrease the original value of CS. The arrows
indicating the recovery of CS for conductive NWs are additionally marked by a c.

The exact microscopical interpretation of this effect is unclear. It is known that an-
odic oxidations of GaN layers under UV–illumination occurs preferentially at struc-
tural defects and causes the formation of amorphous Ga2O3 [125]. More recently
Teubert et al. [24] demonstrated for InGaN quantum dot structure in a GaN matrix
that anodic currents (30µA) in a basic solution lead to the oxidation of current path-
ways which permanently increases the resistance. In the case of conductive NWs
this effect might be enhanced due to the high Si–concentration especially in the NW
region close to the Si substrate. This interpretation is in agreement with Figure C.2
that shows a conductive GaN NW sample after long term IS measurements at high
potentials of both polarities (UA, UC ≤ 800 mV). The NWs in certain regions are cut
off directly at the foot and either stick with neighboring NWs or are washed away.
This could be related to anodic oxidation processes preferentially occurring in this
region with the result of weaker stability of the NW substrate connection. This re-
duction of contacted NWs consequently leads to a decrease in the measured CS.
Another possible explanation of the observable sticking of the NWs in the intact
regions was given in appendix B.

As the storage effect was not observed for either the substrate reference or the
plain Si substrate the effect can be attributed to the NWs. IS measurements after the
sample has been stored in an exsiccator revealed that no change in IS is occurring in
the absence of atmosphere. Consequently, the connection with specific adsorbates
from ambient atmosphere can clearly be attributed as responsible for the effects on
the IS for NW samples. It is known that oxygen adsorbates have a significant impact
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Chapter C: Long Term Stability

1µm

Figure C.2.: Scanning electron microscope image of a conductive GaN NW sample after
long term IS measurements at high potentials of both polarities (UA, UC
≤ 800mV).

on the electrical properties of GaN NWs so this is a reasonable candidate [126].
NWs from the resistive class show no indication of degradation of the electro-

chemical properties during the measurements whereas conductive NW undergo an
irreversible surface reaction that permanently impacts the value of CS. This is at-
tributed to a oxidation reaction due to the occurring high current flow.

Continuous CV recordings of NWs from the conductive classification while a re-
dox couple is present in the electrolyte reveal a changing of shape after long term
measurements (IS recording at both bias polarities up to 800 mV).

At first, the equal height of both current peaks points towards the reversibility
of the charge transfer process but after several days the shape of the redox peak
smudges as can be seen in Figure C.3.

The shape of the CV–curves after the long measurement period still exhibits a
measurable current that is significantly larger compared to the case without redox
couple but does not show clear evidence for the previous observed redox peaks.
This also points towards a permanent modification at the NW samples surface due
to the occurring curentflow.
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Appendix D

Existing Methods for pH
Determination

The backbone of classical pH determination is formed by glass electrodes going back
to the first reference [127] following a potentiometric detection principle. Though
several alternative measuring principles and optimizations of glass electrodes have
been proposed [128] their major drawbacks, namely the problem of miniaturiza-
tion and the brittleness [129] limit their usability, especially in all food industry re-
lated processes, noticeably. To overcome these limitations serious efforts have led
to different alternative approaches for pH determination and monitoring. A good
overview about the latest developments can be found in [129]. Overall these ap-
proaches can be divided according to their sensory readout principle into electrical
and optical.

The electrical detection side is dominated by various designs of ion sensitive field
effect transistors (ISFETs) which based on Silicon technology were at first reported
in 1970 by Bergveld et al. [130]. To overcome the low pH–sensitivity and the electro-
chemical instability of initially used SiO2 gate areas different Si3N4, Al2O3 or Ta2O5

have been investigated as gate materials leading to substantial improvement of both
stability and sensitivity [131]. More recently, ISFETs based on wide-bandgap semi-
conductors such as AlGaN/GaN [132] or diamond [133] have been demonstrated
to allow for sensitive pH detection combined with improved electrochemical stabil-
ity. Their greatest advantage lies in the cheap and well developed producibility via
standardized photolithographic techniques. However, pH–sensitive devices with
electric readout often suffer from signal drift and photocurrent effects as well as
from stability issues of the encapsulated electric contacts in chemically aggressive
liquids.

The optical pH detection offers a route to overcome such problems. Optical pH
sensors based on organic dyes are easy to fabricate when an appropriate dye (or
an organic indicator molecules) is adapted to the pH region of interest. It can ei-
ther be attached to a supporting membrane or surface [134] or free floating. These
kinds of sensors offer the advantages of being applicable in low conductive solu-
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tions and are easy to fabricate [129]. To our knowledge no organic dye was reported
yet, that covers a wide pH range and is immune to photo–bleaching effects. The
luminescence properties of uncoated and polymer coated anorganic CdTe nanopar-
ticles (NPs) have been shown to respond to pH variations in the range of pH 4–6
[135]. Frasco et al. [136] used a different approaches of realizing optical pH probes.
They achieved pH sensing by capping inorganic NPs with organic ligands. How-
ever, as the potential of free NPs cannot be controlled a quantitative analysis of the
pH response or the electrochemical definition of a working point is not possible. A
further problem is that once the NP are released into a system it is impossible to
extract them completely. This in particular is a problem concerning all biological
systems due to possible toxicity effects which can not be excluded up to now [137].

In summary it can be stated, that the realization of a stable optical pH sensor
for a wide pH range with controllable sensitivity and luminescence intensity is an
unsolved issue, so far.
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Appendix E

Phosphate Buffered Saline

The buffer phosphate buffered saline (PBS) is widely used in bio–electrochemistry. Its
ingredients are listed in the table below.

Ingredient Concentration
NaCl 137mM

KH2PO4 10mM
KCl2 3mM

Na2HPO4 2mM
Ingredients of the standard buffer solution phosphate buffered saline resulting in a

concentration of 10mM.

The adjustment of the solutions pH value was achieved by the addition of either
HCl (acidic) or NaOH (basic).

The conductivity of the solution depends strongly on the pH. Table provides an
overview about the related conductivities.

pH value σ [mS/cm]
7± 0.1 17.8± 0.1
6± 0.1 17.9± 0.1
5± 0.1 18.1± 0.2
4± 0.1 18.3± 0.2
3± 0.1 18.4± 0.2
2± 0.1 21.1± 0.3
1± 0.1 50.6± 0.3

pH values for 10mM PBS with the corresponding conductivities at RT.
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Appendix F

List of Publications

• Electrochemical properties of GaN Nanowire electrodes–influence of dop-
ing and control by external bias

J. Wallys, S. Hoffmann, F. Furtmayr, J. Teubert, and M. Eickhoff;

Nanotechnology, 2012, 23, 165701

DOI: 10.1088/0957-4484/23/16/165701

• Bias-Enhanced Optical pH Response of Group III–Nitride Nanowires

J. Wallys, J. Teubert, F. Furtmayr, D. M. Hoffmann, and M. Eickhoff;

Nano Letters, 2012, 12, 6180 – 6186

DOI: 10.1021/nl303021v

• Radical formation at the gallium nitride nanowire / electrolyte interface by
photoactivated charge transfer

J. M. Philipps, G. M. Müntze, P. Hille, J. Wallys, J. Schörmann, J. Teubert,
D. M. Hoffmann, and M. Eickhoff;

Nanotechnology, 2013, 24, 325701

DOI: 10.1088/0957-4484/24/32/325701

• InGaN / GaN quantum dots as optical probes for the electric field at the GaN
/ electrolyte interface

J. Teubert, S. Koslowski, S. Lippert, M. Schäfer, J. Wallys, G. Dimitrakopulos,
Th. Kehagias, Ph. Komninou, A. Das and E. Monroy, and M. Eickhoff;

Journal of Applied Physics, 2013, 114, 074313

DOI: 10.1063/1.4818624
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• High Precision, Electrochemical Detection of Reversible Binding of Recom-
binant Proteins on Wide Bad Gap GaN Electrodes Functionalized with Biomem-
brane Models

N. Frenkel1, J. Wallys, J. Teubert, M. Eickhoff, and M. Tanaka1;

[1] Physical Chemistry of Biosystems, Institute of Physical Chemistry, Univer-
sity of Heidelberg, 69120 Heidelberg, Germany

to be published.
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