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Abstract

Strain engineering in silicon has a long tradition for more than sixty years. Soon
it turned out that the piezoresistivity of silicon, i.e. the change of resistance under
strain, is ten to twenty times higher than in e.g. metals. This finding made silicon a
promising alternative for strain gauges with high sensitivity. Strained silicon became
also an established expedient to increase the mobility and thus the performance of
silicon transistors. With the steady miniaturization of silicon structures, in the last
ten to fifteen years, research activities were expanded on silicon nanowires. Atypical
effects found in nanowires like anomalous- and giant piezoresistivity have the capa-
bility to improve strain sensitive sensors dramatically. While doped nanowires have
been intensely investigated in the last years, the piezoresistive behavior of intrinsic
silicon nanowires was mostly neglected.

In this thesis the piezoresistivity of VLS grown intrinsic silicon nanowires is inves-
tigated under several measurement conditions to gain insight into the origin of the
anomalous piezoresistive effect in such nanowires. Strain related electrical measure-
ments on nanowires require an accurate and reliable mechanical characterization,
which in turn requires the development of novel experimental strain engineering
platforms. Such a platform was found in utilizing MEMS technology. In this work
the design and manufacturing of an electrostatic actuated straining device (EASD)
is presented which allows piezoresistive measurements in-situ in the scanning elec-
tron microscope, under cryogenic conditions and in the micro-Raman spectroscopy
setup. Furthermore two different methods of nanowire integration into the EASD,
i.e. monolithic- and "pick and place"-integration, are demonstrated. Spatial resolved
noninvasive probing of the tensile strain applied to the nanowire was employed with
micro-Raman spectroscopy. Due to the sophisticated design of the EASD, high
strain levels can be achieved, enabling measurements of the nanowire piezoresistiv-
ity up to the fracture strain of the nanowire.

Measurements under ambient conditions exhibited an anomalous piezoresistive
behavior of intrinsic silicon nanowires, i.e. although the nanowire appears to be
p-type, the nanowire exhibits n-type piezoresistive behavior with increasing strain.
Cryogenic measurements in vacuum verified the strong dependency of the piezore-
sistivity on surface traps in <111> oriented silicon nanowires. This behavior is a
result of a strain induced modulation of the surface potential, leading to an elec-
tron depopulation of the surface traps. The resulting change of the charge carrier
majority type leads to the altered piezoresistive behavior of the nanowire.
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For piezoresistive measurements of the <111> oriented nanowire under 532 nm
laser excitation, a piezoresistive behavior dominated by a combination of the n-
and p-type piezoresistive effects, was observed. Surface related effects played only
a minor role. The occurring photo current exhibited a laser power and strain de-
pendency, i.e. increasing laser power as well as strain increased the photo current
in the nanowire.

A Raman spectroscopy investigation of a <112> oriented nanowire revealed the
existence of polytype structure domains inside the nanowire caused by periodic
crystalline stacking faults. The resistivity of this nanowire was about ten times
smaller compared to the resistivity of <111> oriented nanowires. The piezoresistive
measurement exhibited only a weak dependency on surface related effects.

Due to its versatility the EASD proved to be an excellent strain engineering
platform for high strain experiments.
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Kurzfassung

"Strain engineering" in Silizium hat eine mehr als sechzig jährige Tradition. Schnell
stellte sich heraus, dass die Piezoresistivität von Silizium, i.e. die Widerstandsän-
derung unter Verspannung, zehn bis zwanzigfach höher ist als in zum Beispiel Met-
allen. Diese Erkenntnis machte Silizium zu einer viel versprechenden Alternative
als Dehnungsmesser mit hoher Sensitivität. Verspanntes Silizium wurde des Weit-
eren ein etabliertes Hilfsmittel um die Mobilität und dadurch die Leistungsfähigkeit
von Silizium Transistoren zu verbessern. Mit der stetigen Miniaturisierung von
Siliziumstrukturen erweiterten sich in den letzten zehn bis fünfzehn Jahren die wis-
senschaftlichen Untersuchungen auf Silizium Nanodrähte. Die in den Nanodrähten
gefundenen atypischen Effekte wie die anormale Piezoresistivität und die Riesen-
Piezoresistivität haben das Potential verdehnungssensitive Sensoren dramatisch zu
verbessern. Während dotierte Nanodrähte in den letzten Jahren intensiv untersucht
wurden, ist das piezoresistive Verhalten von intrinsischen Nanodrähten weitgehend
vernachlässigt worden.

In dieser Dissertation wird die Piezoresistivität von VLS gewachsenen intrin-
sischen Siliziumnanodrähten unter verschiedenen äußerlichen Einflüssen untersucht
um Einblick in den Ursprung der anormalen Piezoresistivität in diesen Nanodrähten
zu gewinnen. Elektrische Messungen an Nanodrähten unter Verspannung benöti-
gen eine genaue und zuverlässige mechanische Charakterisierung, welche wiederum
die Entwicklung von neuartigen Experimental-Verdehnungseinrichtungen benötigen.
Eine solche Einrichtung wurde durch die Anwendung der MEMS Technologie gefun-
den. In dieser Arbeit wird der Entwurf und die Fertigung einer elektrostatisch
aktuierten Verdehnungseinrichtung (EASD) gezeigt, welche Piezoresistivitätsmes-
sungen in-situ im Rasterelektronenmikroskop, unter kryogenen Bedingungen und
im Raman Spektroskopie Aufbau ermöglicht. Des Weiteren werden zwei Arten zur
Nanodraht-Integration in die EASD demonstriert, die monolithische Integration und
die Integration durch ablegen und fixieren des Nanodrahtes. Räumlich aufgelöste
nicht-invasive Messungen der am Nanodraht anliegenden tensilen Verspannung wur-
den mit Hilfe der Ramanspektroskopie durchgeführt. Aufgrund des ausgereiften De-
signs der EASD konnten hohe Verspannungen erzielt werden, welche die Messung der
Nanodraht-Piezoresistivität bis zur Bruchspannung des Nanodrahtes ermöglichten.

Messungen an Atmosphäre zeigten ein anomales piezoresistives Verhalten der in-
trinsischen Siliziumnanodrähte, i.e. intrinsische Nanodrähte mit urpsprunglichem p-
Typ Verhalten zeigten mit steigender Verspannung n-Typ piezoresistives Verhalten.
Kryogene Messungen im Vakuum verifizierten eine starke Abhängigkeit der Piezore-
sistivität von den Oberflächenzuständen der <111> orientierten Nanodrähte. Dieses
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Verhalten ist das Resultat einer durch Verdehnung verursachten Modifizierung des
Oberflächenpotentials welche zu einer Ausschüttung der Elektronen aus den Ober-
flächenzuständen führt. Die daraus erfolgende Änderung der Ladungsträgerma-
jorität führt zu einem geänderten piezoresistiven Verhalten des Nanodrahtes.

Für piezoresistive Messungen an einem <111> orientierten Nanodraht unter 532
nm Laseranregung wurde ein, von einer Kombination aus p- und n-Typ piezoresis-
tiven Effekt dominiertes piezoresistives Verhalten beobachtet. Oberflächen bezogene
Effekte spielten nur eine untergeordnete Rolle. Der auftretende Photostrom zeigte
eine Laserlichtstärken- und Verdehnungsabhängigkeit, i.e. ein steigender Photo-
strom mit steigender Laserlichtstärke und Verdehnung.

Eine Ramanspektroskopieuntersuchung an einem <112> orientierten Nanodraht
deckte die Existenz von Domänen polytyper Strukturen im Nanodraht auf, verur-
sacht durch periodische kristalline Versetzungsfehler. Die Resistivität dieses Nan-
odrahtes war ca. zehnmal kleiner als die Resistivität von <111> orientierten Nan-
odrähten. Die Piezoresistivitätsmessung zeigten nur eine schwache Abhängigkeit
von oberflächenbezogenen Effekten.

Durch seine Einsatzflexibilität erwies sich die EASD als exzellente "strain engi-
neering" Plattform für Experimente unter hoher Verspannung.
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Chapter 1

Introduction

With the capability to produce crystalline semiconductors like silicon and germa-
nium with different doping types and concentrations and the subsequently realiza-
tion of the transistor, a new age in electrical engineering started and was changing
the world dramatically. Mechanical components and vacuum tubes were exchanged
with solid state electronic devices, leading to a high reliability and a steady minia-
turization of electronics. Silicon became by far the used material for integrated
circuits in the semiconductor industry.

Long time before strained silicon was introduced into mature silicon processing
technology the influence of mechanical strain on the electrical and optical proper-
ties of materials was part of material research since the steady increasing research
on semiconducting materials in the early 1950s. The formulation of the theory of
deformation potentials and mobilities in nonpolar crystals [1] as well as the first
experimental description of the piezoresistive effect in germanium and silicon [2]
exhibited the potential for new applications with these materials. As novel field of
research, strain engineering in semiconductors was born. In the last decades ex-
tensive research on the interrelationship of strain and its effects on the material
properties led to a better understanding how this effects are related to quantum
physical properties of the strained material.

Strain alters the crystal symmetry and thus modifies the bandstructure, bandgap,
effective mass and charge carrier concentration. Knowing the physical principles en-
abled the development of new electrical devices. Piezoresistivity - changing electrical
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CHAPTER 1. INTRODUCTION

resistivity of a material due to applied mechanical stress - was quickly adopted to
realize micro-electro-mechanical transducer sensors systems [3]. This strain effect,
closely related to the silicon carrier mobility enhancement opened a new way to
improve the transduction physics of silicon based transistors and ended in strained
Si-CMOS [4–6]. Strained channel field effect transistors are a good example how
strain engineering has succeeded the step from research into mass production in
semiconductor industry [7, 8].

Applied elastic strain in materials and thereof resulting effects are limited by the
maximum fracture stress of the material itself. Bulk silicon for example can only
withstand yield stress lower than 3 GPa [9] without damaging the crystal structure.
However, a down-scaling of the semiconductor dimensions increases the fracture
stress limits at nearly the same Young’s modulus [10]. The steady miniaturization
and the ability to fabricate single-crystal quasi defect free nanowires, enabled new
preconditions for piezoresistivity in silicon. E.g. vapor-liquid-solid (VLS) grown
silicon nanowires with diameters below 200 nm exhibit fracture stress values of
12±3 GPa on average [11]. For germanium nanowires, even elastic uniaxial tensile
strain values of 10 % and more have been demonstrated [12]. Thus, the application
of crystalline nanowires in strain engineering is advantageous for the investigation
at high strain levels implementing higher strain related effects.

With the reduction of the material dimensions to nanometric scale also the sur-
face to volume ratio changes to a region where surface related transport effects play
a significant or even dominating role. While the basic piezoresistive effect of bulk
silicon for both n- as well as for p-doped silicon and its crystallographic anisotropy
is well understood since the early 80s of the last century [13], piezoresistivity mea-
surements at extremely high strain values on semiconductor nanowires reveled un-
expected results. Especially after the discovery of a giant piezoresistive effect by He
and Yang [14] in 2006, piezoresistivity in silicon nanostructures became a hot topic.
The strong influence of doping as well as dimension of the silicon nanostructures
on their piezoresistivity let presume surface related effects. Since then the origin
of the giant piezoresistive effect is under debate [15–17]. Doped silicon nanowires
exhibits the same piezoresistive behavior as for bulk silicon with respective doping
type and crystallographic orientation. However the piezoresistive coefficient values
are partly higher compared to bulk values [18, 19]. An exception was reported in
2010 by Lugstein et al. [20] demonstrating the anomalous piezoresistive effect in
intrinsic silicon nanowires. Here an unexpected change in sign of the piezoresistive
coefficient of <111> oriented silicon nanowires, was found for strain levels beyond
1%.
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CHAPTER 1. INTRODUCTION

The characterization of nanowires in terms of strain engineering requires accu-
rate and reproducible mechanical manipulation of the nanowire. First attempts with
atomic force microscopy (AFM) setups or nano-manipulation stages [21–23] to apply
mechanical stress on nanowires had the drawback of complex handling and position-
ing of nanometer-sized objects and the limited portability and thus incompatibility
with other in situ characterization techniques e.g. cryostatic measurements. An-
other concept to induce strain into nanowires is the three- or four-point bending
method [14, 24]. They appear to be more flexible with respect to portability, how-
ever with the drawback that shear forces on the nanowire have to be considered for
such straining techniques.

A convenient technique to carry out strain engineering on nanowires are micro-
electro-mechanical-systems (MEMS) [25–27]. The ability to apply pure uniaxial
strain on individual nanowires combined with the compactness and portability of
such devices make MEMS to versatile material characterization tools.

Hence, in this thesis a MEMS device was explored to investigate the anomalous
piezoresistivity of intrinsic silicon nanowires in detail. An electrostatic actuated
straining device (EASD) was fabricated which satisfies the requirements to perform
different kinds of measurements under several environment conditions. Two differ-
ent nanowire orientations, <111> and <112> were investigated. Measurements at
ambient air and in vacuum at temperatures of 300 K down to 200 K as well as
measurements under laser light excitation were carried out to reveal the nature and
origin of the anomalous piezoresistivity in silicon nanowires.
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Chapter 2

Theory

This chapter gives attention to the theoretical aspects for the work on strained sil-
icon nanowires. The first section presents the basic physical-chemical properties of
silicon followed by a section about nanowire synthesis. Further a short overview of
the electronic properties of silicon is given with attention to surface induced car-
rier transport which is of particular interest for nanostructures. After discussing
the theory of strain and stress, a mathematically description of the piezoresistance
effect as well as its physical origins are given. Further the basic theory of Raman
spectroscopy and particularly utilization for strain measurements is described. Fi-
nally the mathematically description of an electrostatic comb drive actuator for the
EASD is presented.

2.1 The semiconductor silicon

Named after the Latin word silex, for flint, silicon was first mentioned by Antoine
Lavoisier in 1787. In 1808 Sir Humphry Davy added the ending "-ium" to silicium
in the belief the element is a metal. Between the first synthesis of pure amorphous
silicon by Gay-Lussac and Thénard in 1811 and Berzelius in 1823, the chemist
Thomas Thomson renamed the element in 1817 by changing the ending to "-on"
similar to the nonmetal carbon. The first crystalline silicon was prepared in 1854
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CHAPTER 2. THEORY

by Henri Étienne Sainte-Claire Deville [28].

Silicon as a group IV semiconductor with the atomic number 14 has four valence
electrons and crystallizes in a diamond cubic crystal structure, with a lattice constant
of 5.430710 Å. The diamond cubic crystal structure is defined by a face-centered-
cubic (fcc) lattice with the basis {(0,0,0), (1/4,1/4,1/4)} as illustrated in figure 2.1.
For better imagination, the diamond cubic crystal structure can also be constructed
by shifting an fcc lattice against another one for a quarter of the space diagonal.

Figure 2.1: Schematic illustration of the diamond cubic crystal structure of silicon.

The band structure in figure 2.2 a) indicates that silicon is an indirect semicon-
ductor with a bandgap with 1.107 eV at room temperature. Therefore a radiative
recombination of electron and hole requires a phonon assisted transition which low-
ers the probability of such recombination drastically. The band diagram exhibits six
equivalent valleys in the conduction band (2.2 b). The surfaces of constant energy
in k-space are ellipsoids due to the different effective masses along longitudinal and
transversal directions [29].

Intrinsic silicon is poorly conducting with a resistivity of 3 · 105 Ωcm [30] at
300 K. By the insertion of impurities i.e. doping, the resistivity can be tuned over
six orders of magnitude. A more detailed description of doping and its influence of
the electrical properties is given in section 2.3.2.

Actually at ambient conditions silicon is reacting with oxygen to silicon diox-
ide (SiO2), an isolator with a resistivity of about 1015 Ωcm at 300 K. After the
formation of a native SiO2 layer on the silicon surface further oxidation is stopped
since the oxygen atoms are not able to diffuse through the oxide layer at ambient
condition. A self-passivating about 1nm thick oxide layer is formed on the silicon
surface after an hour [31]. By increasing the temperature beyond 700 K, oxygen
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CHAPTER 2. THEORY

Figure 2.2: a) Schematic of band structure of crystalline silicon and b) the six equivalent
valleys with constant energy ellipsoids of silicon conduction band in the three dimensional
k-space. [29]

atoms are able to diffuse through the native oxide layer and thicker SiO2 layers can
be formed via thermal oxidation.

The possibility of tuning the resistivity of silicon by doping and the good isolating
properties of its stable oxide, made silicon to the most important semiconductor
material. Even the expression "Silicon Age" was created for the second half of the
20th century according to former material embossed ages like "Stone Age" or "Bronze
Age".
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CHAPTER 2. THEORY

2.2 Nanowire growth

Next to methods which etches nanowires out of bulk silicon [32] and the solid-
liquid-solid mechanism [33], the VLS mechanism, introduced by Wagner and Ellis
[34] in 1964, is one of the most common ways to synthesize single-crystalline silicon
nanowires. While the first grown wires had micrometer scale, Westwater et al. [35]
showed 1997 the synthesis of VLS grown silicon nanowires at nanometer scale. In
figure 2.3 the synthesis of such silicon nanowires is illustrated.

Figure 2.3: Schematic illustration of the silicon nanowire synthesis using the VLS mech-
anism. a) The gold catalyst is deposited on the silicon substrate, b) the silane precursor
gas is decomposed on the gold droplet surface and c) due to a supersaturation of silicon
inside the droplet, a precipitation of crystalline silicon at the droplet/substrate interface
leads to a directional growth of the silicon nanowire.

The three terms in VLS represent the three aggregation states which silicon will
pass through the nanowire synthesis. Necessary for the VLS mechanism are nano-
sized metal particles catalyzing the quasi 1D growth of silicon nanostructures. The
most common catalyst material used for silicon nanowire synthesis with the VLS
mechanism is gold. The catalyst is deposited on the silicon substrate surface in form
of a thin gold layer, which will dewet at growing temperature and forms nanosized
droplets to minimize their surface energy. Alternatively, nanosized collide particles
can be directly deposited on the substrate surface (figure 2.3 a). The metal particles
are melted and become liquid at the enhanced growing temperatures.
After heating up the substrate inside a low pressure chemical vapor deposition
(LPCVD) reactor a semiconductor material containing precursor gas e.g. silane
(SiH4) will be inserted. The precursor gas represents the vapor phase of the semi-
conductor in VLS mechanism. The silane get decomposed at the catalytic gold
droplet surface. Silicon atoms get absorbed and the remaining hydrogen volatilizes
and will be pumped out of the LPCVD chamber (figure 2.3 b). The semiconductor
material get incorporated in the catalytic particle, forming a liquid-alloy. This phase
represents the liquid term of the VLS mechanism. Thus the silicon content inside
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the liquid gold droplet increases until it supersaturates. Due to the supersatura-
tion crystalline silicon will precipitate at the droplet/substrate interface lifting the
droplet and forming a silicon nanowire (figure 2.3 c). The nanowire represents the
solid term of VLS.

2.2.1 VLS growth engineering

By varying the growth parameters, the geometry as well as crystallographic orien-
tation of the nanowire can be controlled. The metal particle size determines the
nanowire diameter [36] while growth duration, temperature and partial precursor
gas pressure determines the nanowire length [37]. The growth temperature depends
on the precursor gas, the catalyzing metal and its eutectic temperature with the
semiconductor. Growth rate increases with temperature and partial precursor gas
pressure.

High growth temperatures lead to a preferred radial growth due to uncatalytic
side wall deposition, leading to cone shaped, i.e. tapered nanowires. Also the
occurrence of defects increases with temperature. At lower temperatures the axial
growth is preferred and the nanowires exhibit rod-like shape with uniform diameter
[35].

At low partial precursor pressure nanowires tend to growth in <111> crystallo-
graphic orientation while with increasing pressure the <112> crystallographic orien-
tation is the energetic favored growing direction of the nanowires [38]. Normally at
<111> growth direction, the largest decrease in Gibbs free energy occurs since (111)
planes of silicon have the largest density of surface atoms when acting as interface.
At very small diameters however the free energy of the side faces have to considered,
leading to a change of the growth direction. When the diameter is below 20 nm also
<110> oriented nanowires can occur [39].

By mixing the precursor gas with dopant containing precursor gases, i.e. di-
borane (B2H6) for p-type doping and phosphine (PH3) for n-type doping, doped
semiconductor nanowires can be achieved [40]. The doping gas will be decomposed
on the catalyst surface in the same way as the silane, the dopant atoms become
absorbed while the hydrogen volatilizes. These dopant atoms will be inserted into
the crystal structure of the precipitated crystalline silicon by replacing silicon atoms.
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CHAPTER 2. THEORY

2.3 Electronic properties of silicon

In this section basic semiconductor physics is reviewed with special attention to
silicon. Further details on this topic can be found in textbooks like "Semiconductor
devices: basic principles" from J. Singh [29].

As described in section 2.1, silicon is an indirect semiconductor with a band gap
separating the conduction band and the valence band. Inside the band gap exist no
energy states which can be occupied by electrons. Thus the electrons are situated
in the conduction band and in the valence band. The amount of possible electron
states per energy level in the bands is given by the density of states Ne(E). Next to
a free energy states, a probability that this states are occupied have to be given for
the existence of electrons at a certain energy level. The occupancy is dependent on
temperature and energy and is represented by the Fermi-Dirac distribution function
f(E). The energy at which the probability for an electron occupancy of 50% is
given, is called Fermi level EF . Density of states, occupation probability as well as
carrier concentration in intrinsic silicon is illustrated in figure 2.4.

Figure 2.4: Illustration of the blue colored density of states and the occupation probability
for an intrinsic semiconductor. For energy levels in the conduction band where the density
of states as well as the occupation probability are not zero, this red marked energy states
are occupied with free electrons. In intrinsic semiconductors, the number of holes in the
valence band has to be the same as free electrons in the conduction band.
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CHAPTER 2. THEORY

2.3.1 Intrinsic carrier concentration in semiconductors

The intrinsic carrier concentration is given by the electrons and holes in the conduc-
tion and valence band, respectively. The number of the conduction band electrons
n is given by the integral over the electron density of states Ne(E) multiplied with
the Fermi-Dirac distribution function f(E).

n =
∫ ∞
Ec

Ne(E)f(E)dE (2.1)

Using the Boltzmann approximation, valid for small carrier concentrations like
in intrinsic silicon, it is

n = Nc exp
(
EF − Ec
kBT

)
(2.2)

with

Nc = 2
(
m∗ekBT

2π~2

)3/2

(2.3)

where Nc is the effective density of states at the conduction band edge, EF and
Ec are the Fermi level and the conduction band edge level, m∗e the density of states
effective electron mass, kB the Boltzmann’s constant, T the temperature and ~ the
reduced Planck constant.

Similar as for electrons, the number of holes in the valence band p is given, under
utilization of the hole distribution function, by

p = Nv exp
(
Ev − EF
kBT

)
(2.4)

with

Nv = 2
(
m∗hkBT

2π~2

)3/2

(2.5)
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CHAPTER 2. THEORY

where Nv is the effective density of states at the valence band edge Ev.

In intrinsic semiconductors the electron concentration has to be equal to the
hole concentration since holes are available only when electrons are lifted from the
valence to the conduction band. The intrinsic carrier concentration is given by the
square root of the product of the electron and hole concentration (ni = √np) and
is dependent only on temperature and the bandstructure (bandgap and effective
masses).

In thermal equilibrium it is

ni = pi = 2
(
kBT

2π~2

)3/2

(m∗em∗h)3/4 exp
( −Eg

2kBT

)
(2.6)

with Eg = Ec − Ev the energy bandgap. Semiconductors with large band gap
have a lower intrinsic carrier concentration. Increasing the temperature rises the
number of electrons excited into the conduction band and thus increases the carrier
concentration. At 300 K silicon has an intrinsic carrier concentration of ni = 1.5 ·
1010 cm−3. The intrinsic Fermi level can be calculated with

EFi = Ec + Ev
2 + 3

4kBT ln

(
m∗h
m∗e

)
(2.7)

The Fermi level of an intrinsic semiconductor is located close to the center of the
bandgap.
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2.3.2 Extrinsic carrier concentration in semiconductors

As mentioned before the carrier concentration in intrinsic semiconductors is depen-
dent on the temperature and the bandgap. To increase the number of free charge
carriers at room temperature, doping of the semiconductor is necessary. Therefore
foreign atoms will be inserted into the crystal structure of the semiconductor as
shown in figure 2.5.

Figure 2.5: Schematic of a silicon crystal structures with different dopant atom inserted
and the respective band diagrams. (a) The phosphorus atom has an energy level close
to the conduction band of the silicon. Hence it will be thermally ionized and the surplus
electron can act as free charge carrier in the conduction band. (b) The boron atom has an
energy level close to the valence band. Due to thermal energy an electron is lifted from the
valence band to the boron energy level remaining a free hole.

When silicon is doped with group V elements like phosphorus or arsenic, these
dopant atoms are called donors. The energy states for such atoms are slightly
below the energy level of the conduction band. The donor atoms are fully ionized
by thermal energy even at low temperatures (>100 K) so that they donate their
surplus electron to the conduction band 2.5(a). Electrons became the majority
charge carriers and the semiconductor is called n-type doped.

By doping silicon with group III elements like boron, now the energy states of
the so called acceptors are situated slightly above the valence band. Valence band
electrons from the silicon atoms can now occupy the free bonds of the acceptor
atoms leaving holes in the valence band of the silicon 2.5(b). When holes are the
majority charge carriers the semiconductor is called p-type doped.

For doped semiconductors the free carrier concentrations n and p are no longer
equal. Due to the law of mass action a relation between the carrier concentrations
is given by
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np = n2
i = constant (2.8)

Now, again using the Boltzmann approximation, doping type dependent Fermi
levels are calculated for n-type semiconductors according to

EF = Ec + kBT ln
(
ND

Nc

)
(2.9)

and for p-type semiconductors

EF = Ev − kBT ln
(
NA

Nc

)
(2.10)

ND and NA are the donor and acceptor concentration, respectively. The Boltz-
mann approximation does not hold for very high doping levels (> 1020 cm−3). In
this case, the semiconductor is called degenerated, the Fermi level is situated slightly
below or in the conduction band and thus the semiconductor acts more like a metal
but with still lower free carrier concentration.
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2.3.2.1 Temperature dependency of the carrier concentration

While for intrinsic semiconductors the carrier concentration is directly dependent on
the temperature and the bandgap, in extrinsic semiconductors the ionization of the
dopants plays a major role. Figure 2.6 shows the electron density of n-type silicon
with ND = 1015 cm−3 as a function of temperature revealing three distinct regimes.
At low temperatures only parts oft the donor atoms are ionized. Some electrons are
still bonded to their donor atoms and not available as free charge carriers. With
increasing temperature the number of ionized donor atoms and hence the electron
concentration increases. This regime where some donor atoms are still not ionized
is called freezeout range. In the saturation regime all donor atoms are ionized
and the electron density is equal to the donor concentration ND. At even higher
temperatures thermal energy is high enough that electrons from the the valence
band are excited the conduction band. In this so called intrinsic regime, the electron
density of extrinsic silicon is similar to that of intrinsic silicon.

Figure 2.6: Electron density as function of temperature for n-type silicon with ND =
1015 cm−3. For temperatures below 100 K, the donor atoms "freezes out" and are only
partial ionized. The carrier concentration is proportional to the number of ionized donors.
At room temperature all donor atoms are ionized. The carrier concentration "saturates"
to the donor density. For temperatures above 500 K, electrons are thermally activated and
can pass the band gap. The carrier concentration is similar to that of intrinsic silicon at
respective temperatures.[29]
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2.3.3 Electric transport in semiconductors

Charge carrier currents in a semiconductor are a combination of carrier drift along
an electric field and diffusion due to a concentration gradient. In this section the
mathematical description for the current density in semiconductors is given.

In a perfect intrinsic semiconductor charge carriers will move without any scat-
tering through the periodic potential of the crystal. However, in real semiconduc-
tors, carriers undergo different scattering events caused by e.g. ionized impurities
(dopants), lattice vibrations (phonons) or due to surface roughness. Due to the scat-
tering process the charge carries will gradually loss energy, momentum and finally
coherence to its initial state values. The average time it takes to lose coherence is
called relaxation time or scattering time τsc.

Under influence of an electric field E the electrons are moving opposite to the
field direction and gain velocity until they scatter, losing their momentum. The
average velocity of an electron is called the drift velocity v. From the Drude model
the equation of motion is given by

m∗
dv

dt
+ m∗

τsc
v = −eE (2.11)

with e the elementary charge and m∗ the conductive effective mass.

In the steady state (dv
dt

= 0) the drift velocity is given by

v = −eτsc
m∗
E = −µE (2.12)

with the carrier mobility

µ = eτsc
m∗

(2.13)

Together with equation 2.12 the current density is given by

J = −nev = ne2τsc
m∗
E (2.14)
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with n the carrier concentration. In accordance with Ohm’s law the conductivity
σ and the resistivity ρ is given by

σ = ne2τsc
m∗

= 1
ρ

(2.15)

In case that both, electrons and holes are involved in carrier transport, the
conductivity is given by

σ = neµn + peµp (2.16)

where µn and µp are the mobilities for electrons and holes and n and p the
respective carrier concentrations.

Hence the conductivity is directly proportional to the carrier mobility and con-
centration. The carrier concentration is dependent on the temperature, especially
for intrinsic semiconductors. The carrier mobility is determined by temperature de-
pendent scattering time and effective carrier mass. The effective mass m∗ is derived
from the bandstructure by

1
m∗

= 1
~2
d2E

dk2 (2.17)

with E the energy and k the wave vector.

Therefore, mainly temperature and bandstructure define the conductivity (resis-
tivity) of semiconductors.

Next to the drift current, another important transport mechanism is the diffusion
of charge carriers. Carriers diffuse from regions of high concentration to regions
with low concentration. The carrier flux is thus determined by carrier concentration
gradient multiplied with the diffusion coefficient D.

φ(x) = −Ddn(x)
dx

(2.18)

According to the Einstein’s relation D is given by
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D = µ
kBT

e
(2.19)

Now the overall current densities for electrons and holes in semiconductors under
a certain field are given by

Jn = eµnnE + eDn
dn

dx
(2.20)

and

Jp = eµppE − eDp
dp

dx
(2.21)

The equations above hold for homogeneous bandstructures, the bandgap is con-
stant over whole semiconductor. In the chase of an inhomogeneous bandstructure,
the bandgap of the semiconductor alters over the length due to e.g. a strain gradient
or inhomogeneous material composition like in alloys, the current density equations
have to be modified as described in [41] to

Jn = µnn

(
dEc
dx
− kBT

dlnNc

dx

)
+ kBTµn

dn

dx
(2.22)

and

Jp = µpp

(
dEv
dx

+ kBT
dlnNv

dx

)
− kBTµp

dp

dx
(2.23)
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2.3.4 Generation and recombination of carriers in silicon

For semiconductors at finite temperature, thermal energy will excite electrons from
the valence band to the conduction band leaving behind a hole in the valence band.
This process is called thermal generation. In the same way electrons from the con-
duction band can recombine with the holes in the valence band. Under equilibrium
the generation rate RG equals the recombination rate RR.

Generation of carriers also occurs when electrons leave the donor atoms or oc-
cupy acceptors generating holes in the valence band. In the reverse process again
recombination of carriers can occur.

Next to the induction of thermal energy several other processes play an important
role for electron hole generation and recombination. One mechanism is the carrier
generation and recombination due to absorption and emission of light. When a
photon, with energy ~ω larger than the band gap energy Eg, is absorbed by the
semiconductor, an electron will be excited to the conduction band. Thereby also the
crystal momentum k for electron and photon system has to be conserved. Since k-
values of photons are essentially zero compared to k-values for electrons, the electrons
k-value in conduction and valence band have to be the same. Thus only vertical k
transitions are allowed in bandstructure diagrams as illustrated in figure 2.7 with a
green arrow.

Figure 2.7: Schematic illustration of allowed (green arrow) and forbidden electron tran-
sitions (red arrow) between conduction and valence band.

In indirect semiconductors like silicon, where the minimum of the conduction
band and the maximum of the valance band are situated at different crystal mo-
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menta in k-space, electrons can be excited into the conduction band when the photon
energy is higher than the direct band gap energy. But for radiative recombination
(light emission) a lattice vibration (phonon) with k-value in the size of the difference
between direct and indirect bandgap positions in k-space, is necessary. Radiative
lifetime of carriers τr (time until the carrier recombines; RR ∝ 1

τr
) in indirect transi-

tion is thus much higher than in direct transition. Therefore in silicon non-radiative
recombinations with lifetime τnr < τr have a higher probability.

2.3.5 Electron trapping and de-trapping in silicon

Real semiconductors have always unintentional impurities or native defects like va-
cancies that may produce electronic levels in the bandgap. These bandgap levels
(trap levels) act as free states which electrons can occupy temporary. Transitions
between valence and conduction band can take place by using the trap levels as an
intermediate step. Non-radiative recombination of electrons from the conduction
band to the valence band over trap levels is called Shockley-Read-Hall recombina-
tion and is the main recombination mechanism in silicon. The probability for a trap
level to act as recombination center enhances the closer the trap level is situated
to mid gap. Such traps with levels situated close to mid gap are called deep level
traps.

Figure 2.8 shows the electron trapping and recombination in a semiconductor
with a deep level trap. The four possible trapping/de-trapping processes as shown
in figure 2.8(a) are explained in the following listing.

1. Electron trapping: A conduction band electron becomes trapped by occupying
a free trap state. While it is trapped it does not participate to the carrier
transport.

2. Electron de-trapping: An electron from an occupied trap state moves to the
conduction band and is attended to the carrier transport.

3. Hole trapping: An electron from a trap state recombines with a hole from the
valence band. The hole no longer participates to the carrier transport.

4. Hole de-trapping: An electron moves from the valence band to a trap state
leaving behind a hole for carrier transport.
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Figure 2.8: Schematic of trapping and recombination of charge carriers in a semiconduc-
tor with a deep level trap. Processes 1 and 2 represent electron trapping and de-trapping
and 3 and 4 hole trapping and de-trapping, respectively. (a) Trapping and de-trapping of
carriers. (b) Recombination of carriers via trap level. [29]

In a trap assisted non-radiative recombination the electron moves from the con-
duction band over a trap level (1) to the valence band (4) as shown in figure 2.8(b).

At the surface region of silicon, trap levels are also caused by dangling bonds,
interface states and oxide states. In gold catalyzed VLS grown silicon nanowires
the high surface to volume ratio causes a dominant surface related recombination
while gold impurities caused deep level recombination can be neglected [42]. The
surface recombination lifetime is direct related with the nanowire diameter d and
the surface recombination velocity S [43] by

1
τsurf

= 4S
d

(2.24)

2.3.5.1 Surface related influence on the electrical transport behavior of

silicon nanowires

Nanowires have due to their rquasi 1D geometry and nanoscale dimensions a large
surface to volume ratio. Consequently the electrical properties are strongly influ-
enced by the nanowire surface. Especially trapped charges of the Si/SiO2 interface
influences the charge carrier density of silicon nanowires. Derivation of the effective

20



CHAPTER 2. THEORY

carrier concentration in silicon nanowires as a function of the nanowire radius, dop-
ing concentration and interface charge density is given by [44] and is summarized
on the following pages.

Charges at or close to the Si/SiO2 interface can be subdivided into two cat-
egories, fixed oxide charges with a density Qf and interface trap charges with a
respective density Qit. Only the interface trap charges interact via a charge trans-
fer with the nanowire. Source of the interface trap charges are the interface trap
levels with the level density Dit.The Interface trap level density typically vary be-
tween Dit ≈ 1010 to 1013cm−2eV −1. As origin of these interface traps, the so-called
Pb resonance centers could be identified as trivalent silicon atoms bonded to three
underlying silicon atoms [45].

The Pb centers are amphoteric. In the lower half of the bandgap they act as
donors. When the Fermi level is located in the lower half of the bandgap (p-type
silicon) Pb centers below the Fermi level (filled traps) are neutral while centers
between Fermi level and mid gap (empty traps) are positively charged. In the same
way the Pb centers act as acceptors in the upper bandgap half. If the Fermi level is
located in the upper half of the bandgap (n-type silicon), the centers are negatively
charged between Fermi level and midgap (filled traps) and neutral above the Fermi
level (empty traps). The density of interface trap states is U-shaped with a region of
nearly constant density ±0.25 eV around the midgap and increasing density beyond
±0.25 eV .

As model for the effective charge carrier concentration determination an infinitely
long homogeneously doped cylindrical nanowire is considered. Figure 2.9(a) shows
schematically the radial band diagram of a circular slice of n-type silicon with inter-
face traps of density Dit. The Fermi level EF at the surface is located above midgap,
corresponding with a positive surface potential ϕs. The trap levels between Fermi
level and midgap will be occupied by electrons and become negatively charged. Since
electrons provided by the conduction band (donors) will be consumed to charge the
interface traps, the nanowire becomes depleted to an inner depletion radius r = rd.
Due to the missing charge carriers in the depleted region, the electrically relevant
nanowire diameter relec becomes smaller than the real physical diameter rphys. Figure
2.9(b) shows a schematic cross-section of a nanowire with depleted surface region.
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Figure 2.9: (a) Schematic of the Si/SiO2 interface bandstructure of an n-doped
nanowire. The shaded area indicates the filled interface trap levels and negative surface
charges. The nanowire is depleted in the region rd < r < a. [44] (b) Schematic cross-
section of a nanowire with depleted surface region (dark gray ring) due to the negative
surface charges. [46]
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The corresponding surface potential ϕs is calculated by

ϕs = ϕ0 −
%

4εs

(
a2 − r2

d

)
(2.25)

with ϕ0 the potential in the non-depleted nanowire region, εs the dielectric con-
stant of the nanowire, and % = q(ND − NA) the charge density in the depletion
layer. The interface trap density, doping concentration and fixed surface charges
determine the depletion grade of a silicon nanowire with a certain radius. For high
trap level densities Dit and low doping, the Fermi level is pinned to the trap level
center and Qit can be expressed as

Qit = −e2Ditϕs (2.26)

In this case the nanowire can be fully depleted over the whole diameter. For that
purpose the nanowire radius a has to be smaller than a critical radius acrit which
can be approximated with

acrit ≈
2
%

(
e2Ditϕ0 −Qf

)
(2.27)

For a silicon nanowire with a doping concentration of ND = 9 · 1018 cm−3 and a
trap density of Dit = 2 · 1013 cm−2eV the critical radius is 20 nm.

Finally the effective electron carrier density is given by

neff = n0 exp
(
eϕ0

kBT

){
r2
d

a2 + 4εskBT
e%a2

[
1− exp

(
e%

4εskBT
(r2
d − a2)

)]}
(2.28)

for a partial depleted nanowire and

neff = n0 exp
(
eϕ0

kBT

) 4εskBT
e%a2

[
exp

(
e%a2

4εskBT
− 1

)]
(2.29)

for a fully depleted nanowire.
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Aside of interface traps, chemical adsorbents have a huge influence on the electric
transport in silicon nanowires. Especially for intrinsic nanowires, where the pinned
Fermi level is close to midgap the Si/SiO2 interface trap centers are symmetric
around the Fermi level and the surface charges are neutralized. Then additional
charges from chemical adsorbents are dominating the electrical transport.

Under ambient condition, water molecules will be adsorbed on the nanowire
surface via dangling bonds. These water molecules may trap electrons from the
silicon nanowire, resulting in OH− ions. The negative charges on the surfaces of the
silicon nanowire cause a band bending and therefore an accumulation of holes in the
valence band as shown in figure 2.10. For p-type silicon nanowires the conductivity
will thus be enhanced [47, 48] and for n-type silicon nanowires the conductivity
will be reduced due to surface depletion [46]. For slightly n-doped nanowires even
a change in transfer characteristic from n-channel field effect transistor (FET) to
p-channel FET behavior is reported [47].

Figure 2.10: Schematic band model of a silicon nanowire in ambient air. The adsorbed
OH− molecules cause band bending in the surface region leading to an accumulation of
holes (white dots) in the valence band and a depletion of electrons (black dots) in the
conduction band. [47]

Due to this surface charge induced hole accumulation, intended intrinsic silicon
nanowires show p-type semiconductor behavior [20, 40, 49].
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2.4 The effect of strain on material properties

In this section the mathematical description of strain in crystalline materials is given
and the influence of strain on material properties is discussed. For further informa-
tion about strain effects in semiconductors, the textbook "Strain Effect in Semicon-
ductors: Theory and Device Applications" by Sun et al. [50] is recommended.

2.4.1 Formal description of strain and stress

2.4.1.1 Strain

Strain in crystalline materials is defined as the relative lattice displacement due to
deformation. Figure 2.11 illustrates the deformation of a simple 2D square lattice.
The two unit vectors ~x and ~y fully describe the unstrained lattice. ~x ′ and ~x ′ are the
modified vectors which arise under an th uniform deformation of the lattice both in
orientation and length under consideration of the out of plane vector ~z.

Figure 2.11: Schematic of an (a) unstrained and (b) strained square lattice with corre-
sponding unit vectors.

The new vectors can be written as

~x ′ = (1 + εxx)~x+ εxy~y + εxz~z (2.30)
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~y ′ = εyx~x+ (1 + εyy)~y + εyz~z (2.31)

In the case of a 3D lattice also the deformed vector ~z ′ has to be considered.

~z ′ = εzx~x+ εzy~y + (1 + εzz)~z (2.32)

The dimensionless strain coefficients εij can be arranged to a 3 x 3 matrix

ε =

εxx εxy εxz
εyx εyy εyz
εzx εzy εzz

 (2.33)

which is called the strain tensor. A lattice point ~r will thus be transferred to
~r ′ = ~r + ∆~r with ∆~r = ε · ~r. The strain tensor is symmetric, i.e. εij = εji. The
antisymmetric elements (i 6= j) of the tensor represents a rotation of the lattice
body.

In literature also engineering strain can be found often, which is another, slightly
different mathematically description of strain. While length changes are defined in
the same way as changes in volume

eij = εij; ∀ i = j (2.34)

the antisymmetric components are now defined as changes of the angle between
the basic vectors. Second order terms are much smaller than 1 and will be neglected.
Therefore the antisymmetric components are given by:

eij =~i ′ ·~j ′ = εij + εji = 2εij; ∀ i 6= j (2.35)

Strain is completely defined by six strain components which can be summarized
to the array

e = {exx, eyy, ezz, eyz, ezx, exy} = {εxx, εyy, εzz, 2εyz, 2εzx, 2εxy} (2.36)
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2.4.1.2 Stress

Stress is defined as the force (which deforms the crystal) in response to strain in an
unit area. Figure 2.12 illustrates the nine components of the stress tensor σ on the
basis of an infinitesimal volume cube. σxi for example represents a force per unit
area applied in the direction x on a plane normal to i = x, y, z.

Figure 2.12: Illustration of the nine stress components applied on the surface of an
infinitesimal volume cube.

The stress tensor can be arranged as a 3 x 3 matrix

σ =

σxx σxy σxz
σyx σyy σyz
σzx σzy σzz

 (2.37)

or, due to its symmetry in the same way like the strain tensor, as a six component
array.

σ = {σxx, σyy, σzz, σyz, σzx, σxy} (2.38)

According to Hooke’s law for elastic material, stress is proportional to strain by
an elastic stiffness constant Cijαβ.
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σij =
∑
αβ

Cijαβ eαβ ; i, j, α, β = x, y, z (2.39)

Due to the high symmetry in cubic crystals Hooke’s law reduces to



σxx
σyy
σzz
σyz
σzx
σxy


=



C11 C12 C12 0 0 0
C12 C11 C12 0 0 0
C12 C12 C11 0 0 0
0 0 0 C44 0 0
0 0 0 0 C44 0
0 0 0 0 0 C44


·



exx
eyy
ezz
eyz
ezx
exy


(2.40)

and with the elastic compliance constant Sijαβ to



exx
eyy
ezz
eyz
ezx
exy


=



S11 S12 S12 0 0 0
S12 S11 S12 0 0 0
S12 S12 S11 0 0 0
0 0 0 S44 0 0
0 0 0 0 S44 0
0 0 0 0 0 S44


·



σxx
σyy
σzz
σyz
σzx
σxy


(2.41)

where the relations between S and C are

S11 = C11 + C12

(C11 − C12)(C11 + 2C12)

S12 = −C12

(C11 − C12)(C11 + 2C12)

S44 = 1
C44

(2.42)

The elastic stiffness constants for silicon are C11 = 165.7 GPa, C12 = 63.9
GPa and C44 = 79.6 GPa [51]. For an applied stress of magnitude P in [111]
crystallographic direction, the stress tensor in the crystallographic coordinate system
reads
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σ[111] =

P/3 P/3 P/3
P/3 P/3 P/3
P/3 P/3 P/3

 (2.43)

After inserting 2.43 in 2.41 the corresponding strain tensor becomes

ε[111] = P

3

S11 + 2S12
S44
2

S44
2

S44
2 S11 + 2S12

S44
2

S44
2

S44
2 S11 + 2S12

 (2.44)

where the elements on the main diagonal are representing the hydrostatic strain
and the other elements the shear strain. For a distinct crystallographic direction of
stress and strain, they are linked by a scalar called Young’s modulus Yijk.

Y[ijk] = σ[ijk]

ε[ijk]
(2.45)

For silicon Y[111] is about 187 GPa [10].

2.4.2 Piezoresistivity in silicon

Piezoresistivity is defined as change of resistivity due to applied stress. The piezore-
sistance constant π is defined as

π = ∆R/R
σ

(2.46)

where R is the initial resistance of the unstrained material, ∆R the stress induced
change in resistance and σ the applied mechanical stress. The resistance of a material
is given by

R = %
l

wh
(2.47)
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with % the specific resistivity of the material and l, w, and h denote the geometric
dimension parameters length, width and height, respectively. The ratio ∆R/R can
also be expressed as the addition and subtraction of the participating relative change
terms.

∆R
R

= ∆l
l
− ∆w

w
− ∆h

h
+ ∆%

%
= (1− 2υ)ε|| +

∆%
%

(2.48)

The geometrical terms of relative changes caused by the axial strain ε|| can
be summarized by the Poisson’s ratio υ. In most common semiconductors, the
resistance change due to geometric parameters can be neglected in comparison to
the resistance change due to piezoresistive effects (vSi[111] = 0.262 [52]). Hence the
relative resistance change is equal the relative resistivity change (∆R

R
∼= ∆%

%
). As for

strain and stress, the symmetry in the cubic crystal system simplifies the relative
resistivity change to a vector with six elements which is related to the stress vector
by the piezoresistance tensor.

∆%i
%

=
6∑

k=1
πikσk (2.49)

with

πik =



π11 π12 π12 0 0 0
π12 π11 π12 0 0 0
π12 π12 π11 0 0 0
0 0 0 π44 0 0
0 0 0 0 π44 0
0 0 0 0 0 π44


(2.50)

Due to the cubic crystal symmetry in silicon, the piezoresistance matrix con-
sists of only three independent π coefficients. π11 depicts the piezoresistive effect
along a principal crystal axis with stress applied along the same axis (longitudinal
piezoresistive effect), π12 depicts the piezoresistive effect when stress is perpendicu-
lar to the principal crystal axis (transversal piezoresistive effect) and π44 represents
the piezoresistive effect for shear stress. Kanda [13] calculated the π coefficients
for moderately p-doped and n-doped silicon under tensile stress, which as shown in
table 2.1.
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doping type n-type p-type
% [Ωcm] 11.7 7.8
π11 -102.2 +6.6
π12 +53.4 -1.1
π44 -13.6 +138.1

Table 2.1: Piezoresistive coefficients [10−11 Pa−1] for n- and p-doped silicon at room
temperature. [13]

The Piezoresistivity is dependent on the doping concentration N and the temper-
ature T of the silicon. High doping concentrations and increased temperatures led
to a decrease of the piezoresistive coefficient. Figure 2.13 shows the piezoresistivity
dependency on the basis of the multiplication factor P(N,T) which is defined as the
π coefficient value at a certain temperature T divided by the value at 25·C for a
certain doping concentration N.

In [111] crystal orientation of silicon the uniaxial piezoresistive coefficient π[111]
is given by

π[111] = (π11 + 2π12 + 2π44)
3 (2.51)

Hence, with the values from table 2.1 and at room temperature the uniaxial
piezoresistive coefficients are π[111] = 93.5 10−11 Pa−1 and π[111] = −7.53 10−11 Pa−1

for moderate p- and n-doped silicon, respectively. Therefore resistance of n-doped
silicon is decreasing (increasing) with tensile (compressive) strain while for p-doped
silicon the resistance is increasing (decreasing).

Another common parameter which can be found in literature to characterize
piezoresistivity is the gauge factor GF . The gauge factor is defined (with same
assumption that dimension related resistance change can be neglected for silicon)
by the following equation:

GF = ∆R
R ε

= ∆%
% ε

= ∆% Y
% σ

(2.52)

Depending on crystal orientation, temperature, doping type and doping concen-
tration the gauge factor of crystalline silicon can vary from -125 to +200.
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Figure 2.13: Piezoresistance multiplication factor P(N, T) as a function of doping con-
centration and temperature for n- and p-type silicon. [13]
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2.4.3 Origin of the piezoresistive effect in silicon

Band degeneracies are defined by semiconductor crystal symmetry. When strain
reduces the original symmetry some degeneracies are lifted and thus band splitting
occurs. Under hydrostatic strain, the crystal symmetry will not be changed and has
therefore no effect on lifting the band degeneracy. However the interatomic interac-
tion increases or decreases when the atoms in the crystal lattice are approach each
other or move further apart. Hence the hydrostatic strain changes the distance be-
tween conductive band and valence band, the semiconductor bandgap shifts. Com-
pressive hydrostatic strain leads to a widening of the semiconductor bandgap while
under tensile hydrostatic strain the bandgap diminishes.

For biaxial or uniaxial strain the cubic symmetry will be altered. Hence, both
strains cause the valence band degeneracy lifting which provokes a split of the de-
generate heavy hole (HH) and light hole (LH) valence bands in two separate bands.
For the conduction band the effect of biaxial and uniaxial strain differs for the six
conduction band valleys of silicon (figure 2.2b)). The four valleys along x and y (∆4
valleys) affects a different lifting as the two valleys along z direction ((∆2 valleys).
As exception, in conduction bands with edges located not in the Γ point i.e. indirect
semiconductors, uniaxial stress along [111] does not split the ∆ valleys since again
symmetry will not be altered.

With the introduction of the deformation potential theory by Bardeen and Shock-
ley [1] and later, with the generalization including different scattering modes by Her-
ring and Vogt [53], the strain induced band edge energy shift can be quantitative
predicted by a linear relation of strain ε and energy shift ∆E with the deformation
potential Ξ.

∆E =
∑
ij

Ξij εij (2.53)

Band energy shift can thus be described with three deformation potentials. For
uniaxial strain along the [111] direction the hydrostatic strain components of the
bands shifts can be calculated with [54]
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∆Ev,av = av(εxx + εyy + εzz)
∆EΓ

c = aΓ
c (εxx + εyy + εzz)

∆E∆
c = a∆

c (εxx + εyy + εzz)

a =
(

Ξd + 1
3Ξu

) (2.54)

The shear stress components are given by

∆Ev,HH = 1
3∆0 −

1
2δE111

∆Ev,LH = −1
6∆0 + 1

4δE111 + 1
2

[
∆2

0 + ∆0δE111 + 9
4(δE111)2

]1/2

∆Ev,SO = −1
6∆0 + 1

4δE111 −
1
2

[
∆2

0 + ∆0δE111 + 9
4(δE111)2

]1/2

δE111 = 2
√

3dεxy

(2.55)

In table 2.2 the values of the corresponding deformation potentials for silicon are
given. Ξd is the hydrostatic deformation potential and Ξu is the shear deformation
potential. The subscripts c , v , HH, LH and SO denote conduction-, valence-, heavy
hole-, light hole and split-off band, respectively. The superscripts Γ and ∆ denote
the corresponding conduction band valley positions in the k-space.

av aΓ
c a∆

c ∆0 d
2.46 1.98 4.18 0.04 -5.32

Table 2.2: Deformation potentials of silicon. The subscripts v and c are indicating the
valence and the conduction band and ∆0 the spin-orbit splitting. The index av denotes
the average of the respective band. The superscripts Γ and ∆ denote the corresponding
conduction band valley positions in the k-space. All values are in eV. [54]

2.4.3.1 Piezoresistivity in n-type silicon

The piezoresistive effect is strongly dependent on the majority carrier type. In n-type
silicon the ∆ valley splitting for uniaxial stress in <100> and <110> direction is the
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main cause of the piezoresistive effect. In figure 2.14 the population of the different
∆ valleys is shown for uniaxial compressive stressed silicon (1+2), unstressed silicon
(3) and uniaxial tensile stressed silicon (4+5).

Figure 2.14: Schematic of the six conduction band valleys and their population under
<100> compressive (1, 2), without stress (3) and <100> tensile stress (4, 5). Under com-
pressive stress, carriers are transferred from the ∆4 valleys to the ∆2 due to a degeneracy
lifting of the energy valleys, and in consequence an increase in resistance occurs. Under
tensile stress, carriers are transferred from the ∆2 valleys to the ∆4 leading to decrease in
resistance. For both high tensile and compressive stress the piezoresistive effect saturates.
In the center of the figure, the trend for the resistivity change as function of applied stress
is illustrated. The numbers mark the cases described above.

Without applied stress the six equivalent valleys along the <100> directions are
degenerated and equally populated. Under compressive stress the longitudinal ∆2
valleys shift downwards in energy relative to the four transverse ∆4 valleys. There-
fore the ∆2 valleys become higher populated and the density of states effective mass
changes. Since the parallel mass is bigger than the transverse mass, the resistance
increases. When all carriers are transferred from the transverse ∆4 valleys to the
∆2 valleys the strong piezoresistive effect saturates.
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At tensile stress the longitudinal ∆2 valleys shift upwards in energy relative to
the four transverse ∆4 valleys. Here the carriers are transferred to the transverse
∆4 valleys leading to a reduction of the parallel density of states effective mass and
therefore a reduction of the resistance. After the transfer of all carriers into the
transverse ∆4 valleys the effect again saturates, the piezoresistive effect becomes the
same as for uniaxial stress in the <111> direction.

At uniaxial strain in <111> direction only the bandgap energy will be altered
but not the effective density of states at the conduction band edge Nc. According
to equation 2.6 a tensile (compressive) strain induces a reduction (widening) of the
bandgap and will thus increase (decrease) the carrier density and therefore decrease
(increase) the resistance.

2.4.3.2 Piezoresistivity in p-type silicon

In p-type silicon, the piezoresistive effect is primarily caused by stress induced de-
coupling of the degenerated valence bands. The valence band structure of silicon
comprehend three bands, the heavy hole, the light hole and the spin-orbit split-off
band, where the first two are degenerated at Γ point (k = 0) (see figure 2.15(a)).
The spin-orbit split-off band is shifted downwards by 4.4 meV and thus predomi-
nantly depopulated in comparison to the heavy and light hole band. Since charge
carrier transport in p-type silicon takes place by a hole current, the conductivity σh
is given by

σh = e2τ

(
pHH
m∗HH

+ pLH
m∗LH

)
(2.56)

with e the elementary charge, p the hole concentration, τ the relaxation time
and m∗ the effective mass of the degenerated heavy holes HH and light holes HL.
The stress induced resistivity change can be explained with hole transfer and mass
change phenomena [55].

• Hole transfer phenomenon:
In case of uniaxial tensile stress along the [111] crystallographic directions of
silicon the heavy hole band moves up while the light hole band goes down in
energy as illustrated in figure 2.15. Since holes in the valence band are filled
beginning from the valence band edge, a hole transfer from the light hole band
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to the heavy hole band take place. And since the effective mass of the heavy
holes is higher than the conductive mass of the light holes (m∗HH > m∗LH), the
hole conductivity according equation 2.56 will decrease resulting in an increase
of the resistance.

• Mass change phenomenon:
The mass change phenomenon has two origins. The first one is originated in
the mixing of the approaching light hole band and spin-orbit split-off band
leading to a stress dependent mass shift for light holes. The effective mass
m∗LH shift is inverse proportional to the applied tensile stress by a negative
constant and thus the conductivity decreases with stress. The second mass
change phenomenon is originated in the decrease of the interaction between
heavy and light hole bands due the degeneracy lifting. At highly stressed
silicon the coupling between the heavy and the light hole band is completely
removed leading to the modification of the energy surfaces as shown in figure
2.15(b) and therefore a change in both heavy hole and light hole effective
masses.

Figure 2.15: Schematic of the valence band structure at the Γ point for (a) unstressed
and (b) highly tensile stressed silicon and the corresponding energy surfaces. [55]

The second mass change phenomenon affects only the transversal effective masses.
In the case of uniaxial (longitudinal) stress, only hole transfer and the band mixing
mass change phenomenon are influencing the effective masses and therefore the con-
ductivity of silicon. Hence, the resistance of p-type silicon increases with increasing
uniaxial tensile stress along the [111] crystallographic direction.
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2.4.4 Piezoresistivity in silicon nanowires

Due to the large surface to volume ratio, surface related effects have a huge impact on
the electrical behavior of silicon nanowires. The carrier concentration and therefore
the resistivity in silicon nanowires is strongly affected by the trap states of the
Si/SiO2 interface and adsorbed molecules (see chapter 2.3.5.1). These effects exhibit
a strain dependency and can be therefore seen as pseudo piezoresistive effects which
determine, together with the classical piezoresistive effects described in the chapter
above, the nanowire resistivity under strain.

He and Yang [14] reported a giant piezoresistive effect in VLS grown [111] ori-
ented silicon nanowires with π111 values up to 3500 · 10−11 Pa−1 for compressive
stress. As shown in figure 2.16, for nanowires with high doping concentration and
diameters above 200 nm the piezoresistive coefficient is approximately equal to bulk
silicon with similar doping concentration. With decreasing nanowire diameter and
decreasing doping concentration of the nanowire the piezoresistive coefficient in-
creases rapidly.

Figure 2.16: Longitudinal piezoresistance coefficients of p-type silicon nanowires as func-
tion of nanowire diameter and resistivity. [14]

Although He et al. suggest the origin of the giant piezoresistive effect in an
enhancement of the carrier mobility, they also found hints for a surface dependency
of the giant piezoresistive effect. Different chemical surface treatments exhibit con-
ductivity changes of the nanowires showing the surface dependency. The doping
concentration as well as the diameter dependency also indicates a surface related
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effect on the transport carrier concentration.

In 2008 Rowe [16] discussed a possible origin for the giant piezoresistive effect
in silicon nanowires measured by He et al.. The surface trap states of the Si/SiO2
interface lead to a surface depletion region with a width dependent on the doping
concentration. When the nanowire radius is below the critical value (see equation
2.27) this surface depletion region width can span the whole diameter leading to a
fully depleted nanowire. Mechanical stress will alter the trap state levels [56] and
the surface potential and therefore the surface depletion region width. Hence the
conductive channel through the nanowire is controlled by the applied mechanical
stress. Compressive stress narrows the depletion region width (widens the conduc-
tive channel) and increases the conductivity. On the contrary, tensile stress depletes
the p-type nanowire more (narrows the conductive channel) and decreases the con-
ductivity.

Yang and Li [57] measured a change in sign of the piezoresistive coefficient in
[110] oriented p-type silicon nanobeams for thicknesses below 20 nm. They argued
the origin of these effect with a tensile stress induced increase of electron trapping in
the Si/SiO2 interface and subsequent hole accumulation due to a surface potential
shift. The resulting increase of charge carries exceeds the p-type bulk piezoresistive
effect and decreases the resistivity of the silicon nanobeam.

The trapped charges at the surface act like a wrapped gate on the nanowire
controlling the conductivity inside the nanowire. By applying an external back
gate voltage on the nanowire the surface gate effect can be amplified or extenuated
resulting in an increase or decrease of the gauge factor [17].

Finally Winkler et al. [58] measured the piezoresistive behavior of suspended
intrinsic nanowires in a gate all around field effect transistor configuration with
a transparent gate stack, demonstrating that giant and anomalous piezoresistance
effects in VLS grown silicon nanowires are mainly determined by the filling or de-
population of surface states due to the stress induced modulation of the surface
potential. By controlling the nature and density of these surface states via pas-
sivation the intrinsic piezoresistance of the nanowires is found to be a result of
stress-induced carrier mobility change and comparable with that of bulk silicon.
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2.5 Strain determination by Raman spectroscopy

The Raman effect, discovered in 1928 by Raman and Krishnan [59], relies on inelastic
scattering of monochromatic light, usually from a laser source. The laser light
interacts with optical phonons in solids or with molecular vibrations in gases or
liquids, resulting in scattered light with shifted photon frequencies (Stokes and Anti-
Stokes scattering) next to scattered photons with the same frequency (Rayleigh
scattering) as the incident light. The frequency shifts of the scattered photons in
comparison to the incident photon frequency represent the material specific energies
of rotation-, vibration- and phonon processes and can be therefore used to determine
physical properties of the material.

The Raman effect only occurs when the polarizability of the material changes
with the rotation-, vibration- and phonon processes. A dipole moment p induced to
a material by an external field E coming from a monochromatic light source can be
described by:

p(t, E) = α E0 cos(ωit) (2.57)

with ωi the light frequency of the incident light and α the polarizability of the
material. Since the polarizability is dependent on its current vibration state, it
can be written as vibration normal mode qn(α = α(qn)). By performing a Taylor
series expansion around qn = 0 and describing qn with a harmonic oscillator (qn =
q0 cos(ωnt)), the dipole moment is given by:

p(t, E) = α0E0 cos(ωit)

+ 1
2

(
∂α

∂qn

)
0
qn0E0 cos((ωi − ωn)t)

+ 1
2

(
∂α

∂qn

)
0
qn0E0 cos((ωi + ωn)t)

(2.58)

The first term represents the Rayleigh scattering, the second term represents
the Stokes scattering and the third term represents the Anti-Stokes scattering. For
further, detailed information about the Raman effect, a textbook like Weber and
Merlin [60] is recommended.
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In silicon, first-order processes (i.e. processes involving a single phonon) access
only excitations near the Γ-point (qn ≈ 0). Figure 2.17 shows the corresponding
Raman spectrum of bulk silicon with the first-order (Anti-Stokes) Raman peak at
520 rel. cm−1. Here the optic phonon is threefold degenerated. Such first-order
Raman peaks can be fitted by Lorentz distribution functions.

Figure 2.17: Raman spectrum of bulk silicon with the Rayleigh peak at and the first-order
optical phonon (Anti-Stokes) Raman peak at 520 rel. cm−1.

For uniaxial stress applied along the [111] crystallographic direction the threefold
degeneracy of the qn ≈ 0 optical phonon is split into a singlet Ωs with eigenvector
parallel to the direction of the stress and a doublet Ωd with eigenvectors perpendic-
ular to the direction of the stress [61] which are given by:

Ωs = ω0 + ∆ΩH + 2
3∆Ω

Ωd = ω0 + ∆ΩH −
1
3∆Ω

(2.59)

where ω0 is the optical phonon frequency of relaxed silicon (ω0,Si = 520 rel. cm−1).
∆ΩH and ∆Ω are the stress induced frequency shifts for the hydrostatic stress com-
ponent and shear stress component, respectively which are given by:
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∆ΩH = Pω0

6 (K11 + 2K12)(S11 + 2S12)

∆Ω = Pω0

2 K44S44

(2.60)

where P is the uniaxial stress (see equation 2.43), Sij are the elastic compliance
constants of silicon andKij are the normalized phonon deformation potentials. With
2.59 and 2.60 it is obvious that optical phonon frequency shift and therefore the
first-order silicon Raman peak shift is linear proportional to the applied stress. The
proportionality factor k for silicon is given in literature with values in the range of
k = −336 cm−1 to k = −343 cm−1 [62].

∆Ωs = ε[111] · k (2.61)

Hence strain determination is feasible by measuring the first-order Raman peak
shift. Tensile strain along the <111> directions of silicon causes a shift of the
Raman peak to lower wavenumbers while compressive strain shifts the Raman peak
to higher wavenumbers.
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2.5.1 Temperature dependency of the Raman shift

Aside of strain the temperature influences the optical phonon frequency and thus
the Raman peak shift [63]. As shown in figure 2.18, the first-order optical phonon
frequency shifts to lower wavenumbers for increasing temperature. This temperature
dependent Raman shift can easily be misinterpreted as a strain dependent Raman
shift.

Figure 2.18: First-order optical phonon frequency shift as function of the temperature.
[63]

The excitation laser light introduces energy into the silicon which will trans-
formed mostly to thermal energy and heats up the silicon. Hence the silicon heating
is dependent on the laser power. Since bulk silicon acts as a heat sink the induced
heat is fast distributing over the whole silicon, a local heating due to the laser light
and therefore a Raman shift can be neglected for moderately laser powers. For
suspended silicon nanowires, the laser light induced heat can be dissipated only in-
sufficient [64]. The local temperature increase results in a Raman peak shift and
thus biased strain measurements. Therefore the excitation laser power has to be
kept below 50 µW for strain measurements on nanowires via Raman spectroscopy
to avoid laser induced nanowire heating.
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2.6 Principle of MEMS actuation technology

This section is focused on the basic principles of an electrostatic comb drive actuator.
For further information about this and other actuator types textbooks like "Micro-
machined Transducers Sourcebook" from Kovacs [65] and "The MEMS Handbook"
from Gad-el Hak [66] are recommended.

One of the most common actuator types for MEMS devices is the electrostatic
comb drive actuator. Figure 2.19 shows a SEM image of such a comb drive actuator.
It comprises two interlocking comb-shaped structures where the comb on the top is
fixed and the comb below is movable.

Figure 2.19: SEM image of comb drive actuator elements of a MEMS device with the
fixed comb on the top and the movable comb below.

It utilizes the attractive Coulomb force between two differently charged bodies
can be derived from the capacity plate model. For a constant voltage V , an energy
W is stored between two parallel plates which is given by:

W = εAV 2

2y (2.62)

where ε is the dielectric constant of free space ε0 multiplied with the relative
dielectric constant εr for the material between the plates. A is the area of a plate
and y the distance between the two plates. The attractive force F between the
plates is thus given by:
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F = −∂W
∂d

= εAV 2

y2 (2.63)

Since the Coulomb force is proportional to 1/y2, it rapidly decreases with in-
creasing gap distance.

If the two plates are shifted to each other next to the normal directed force also
a tangential directed force will act on the plates as shown in figure 2.20.

Figure 2.20: Schematic of the resulting Coulomb forces for two plates shifted apart from
each other and a constant voltage is applied between the plates.

By substituting the area A with the product of the lateral dimensions x and z
the energy of the tangential component is given by:

W = εxzV 2

2y (2.64)

and the resulting tangential directed force is

F = ∂W

∂x
= εzV 2

2y (2.65)
.

Hence, the tangential force is not dependent on the lateral position x.
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Figure 2.21 shows a schematic of a comb drive actuator element. Due to the sym-
metry in a comb drive actuator the normal directed plate forces, which are marked
with blue arrows, are compensating each other. Therefore the green marked tangen-
tial directed forces together with the red marked normal directed forces attributed
to the comb end fronts, generate a movement of the movable comb part towards the
fixed comb part. The final actuator force Fa is given by:

Fa = Ncεh

(
1
d1

+ w

(d2 − ∂a)2

)
V 2
Act (2.66)

with Nc is the total number of comb actuator elements, d1 the gap distance
between two combs, d2 the distance between the tip of the comb to the opposite
comb electrode in the initial state, VAct is the voltage applied to the actuator. ∂a
is the comb actuator displacement from the initial position, h and w are the height
and width of the comb, respectively.

Figure 2.21: Schematic of a comb drive actuator element. The green arrows display the
tangential directed forces, the blue arrows indicate the normal directed plate forces and the
red arrows denotes the forces normal to the comb end fronts, which are resulting from a
constant voltage applied between the combs.
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Due to the deflection of the cantilever beams which are holding the movable
comb drive structures, a restoring force Fbeam contrary to the actuator force Fa has
to be considered as shown in figure 2.22.

Figure 2.22: Schemactic of a silicon beam bended due to the attractive comb drive force
Fa. A restoring force Fbeam contrary to Fa is forming.

The restoring beam force Fbeam is given by:

Fbeam = Nbeam Y hbeam d
3
beam

∂a
4L3 (2.67)

where Nbeam is the total number of cantilever beams, Y the Young’s modulus of
the beam material, L the length of the beam, ∂a the cantilever tip displacement from
the initial state, hbeam and dbeam the height and thickness of the beam, respectively.
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Experimental

This chapter describes the MEMS straining device, the fabrication process and the
experimental methods and procedures for the synthesis, device integration and char-
acterization of strained nanowires.

3.1 The Electrostatic-Actuated-Straining-Device

For all straining experiments on silicon nanowires the comb drive actuated EASD
was used. In this section the basic elements of the MEMS straining device will be
introduced followed by an explanation of the stabilizing structures and design pa-
rameters for efficient nanowire straining. The calibration of the ESAD to guarantee
sufficient straining of average silicon nanowires for high strain experiments will end
this section.
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3.1.1 Design of the EASD

As shown in figure 3.1, the MEMS device consists of three basic parts marked with
different colors. The electrostatic comb drive actuator is composed of sections of the
actuator (red)- and the stage (green) part. The silicon nanowire is monolithically
integrated between stage part and the fixed specimen (purple) part. Each part is
connected with a macroscopic silicon pad suitable for wire bonding. The comb drive
actuator is designed with two rows of comb drive elements to increase the total
number of elements and therefore the attainable actuator force. The section of the
stage part which is part of the actuator is suspended to provide the movability of
the actuator combs. Due to an applied voltage on the actuator part, the suspended
stage part can be attracted toward the actuator part and in the same way, it will be
pulled apart from the specimen part. Hence the nanowire integrated between stage
and specimen part will be strained tensile and uniaxial.

In the following listing the three parts are described in detail.

• Actuator part: The actuator part constitutes one part of the comb drive
actuator. It contains the fixed combs of the comb drive actuator which are
directly attached on the actuator silicon pad for the second comb drive row
(2). The combs of the first row (1) are connected with the pad by a feeder
structure (A). The feeder structure is dimensioned in a way that it will not be
under-etched during the MEMS device fabrication process.

• Stage part: Apart from the fixed silicon pad, the stage part is mainly com-
posed of the suspended and therefore movable part. The suspended stage part
comprises the movable combs of the comb drive actuator. Also one end of the
integrated nanowire is connected to the suspended stage part . Furthermore
the suspended stage part is electrically connected to the fixed silicon pad by
two suspended silicon beams adjacent to the first comb drive row. For better
stability of the moveable stage part, the second comb drive row is connected
by two equivalent silicon beams to isolated pads (B) which will not be under-
etched during MEMS fabrication process. To reduce the mass of the movable
stage part and to guaranty an uniform etching, the stage is designed as a sili-
con grid structure. Such a grid structure grants the stage sufficient stiffness to
avoid bending of the stage itself. Hence only the four silicon beams which are
supporting the suspended stage will be bended during actuation. The movable
combs of the comb drive are directly attached on the stage grid. As designated
site for the nanowire integration, a trapeze-shaped structure is attached on the
stage part, opposite to the specimen part.
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• Specimen part: At the fixed specimen part the other end of the nanowire
is integrated. As designated integration site again a trapeze-shaped structure
is intended. Thus the silicon pad of the specimen part is stepwise reducing
to a final trapeze-shaped structure opposite to the trapeze on the stage part.
The nanowire is integrated between the two trapeze structures. These trapeze
structures promote a selective metal colloid deposition by dielectrophoresis
since an electric field enhancement appears at this area in comparison to the
surrounding structures. As gap distance between the two trapeze structures
3 µm is chosen. Smaller gap distances will hinder Raman measurements on
the nanowire since reflections on the trapeze structure edges will disturb the
excitation laser light. Larger gap distances require longer nanowires and thus
the total nanowire growth time increases followed by an increased deposition
of undesired uncatalytic silicon.

Figure 3.1: Schematic of the EASD with the red colored actuator part, the green colored
stage part and the purple colored specimen part. The inset shows a magnification of the
gap between stage and specimen part with the monolithically integrated silicon nanowire
(blue).

Hydro-adhesive forces can lead to a sticking of the suspended EASD parts on the
underlying substrate. Especially wet chemical processes during device fabrication
and nanowire integration involve risk for such sticking. Therefore the suspended
stage part is supported by silicon beams connected to the actuator part and isolated
pads (C) at sixteen positions. These beams prevent the suspended stage part from
sticking on the bulk substrate to during the whole fabrication process and nanowire
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integration. Previous to the straining experiments the beams will be removed by
FIB cutting as shown in figure 3.2. After the removal of the supporting beams the
stage part is fully movable but the device is from now on incompatible to any kind
of wet processes.

Figure 3.2: SEM image of an EASD before (left) and after (right) FIB cutting of the
supporting beams. The white circles are marking the cut supporting beams. The scale bar
equates to 20 µm.

3.1.2 Fabrication of the EASD

The EASDs are fabricated using a silicon-on-insulator (SOI) wafer with (110) device
layer orientation diced to pieces with the size of 10 mm × 10 mm. The device layer
as well as the buried oxide (BOX) layer of the SOI have a thickness of 2 µm, the
handle layer a thickness of 500 µm. The main process steps of the EASD fabrication
are illustrated in figure 3.3.

After cleaning the substrate by sonification in acetone and subsequently rinsing
with isopropanol a photoresist is deposited by spin coating. The resist is exposed
with the EASD design pattern by direct laser writing. The pattern is oriented with
respect to the device layer orientation, that the facets of the trapeze gap structures
are oriented in <111> direction (see figure 3.3(a)). The resist is developed and the
sample is subsequently covered with a 60 nm thick layer of chromium by magnetron
sputtering. After a lift off process with acetone a chromium hard mask pattern
of the MEMS device remains on the sample as shown in figure 3.3(b). With an
anisotropic reactive ion etching (RIE) process at cryogenic temperature, silicon is
etched anisotropically down to the oxide layer. Finally the chromium hard mask
is removed with a chromium etchant (see figure 3.3(c)). By etching the sample in
buffered hydrofluoric acid (BHF) under constant stirring for 30 minutes the BOX
under the movable stage part is etched to release the grid structure. An about
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Figure 3.3: Schematic illustration of the main process steps for the fabrication of an
EASD. (a): Structuring of photoresist with the MEMS pattern by direct laser writing.
(b): Hard mask formation by chromium deposition and subsequently lift off procedure. (c)
Structuring of the device layer by anisotropic RIE. (d) Release of the movable stage part
by BHF etching of the BOX.

200 nm thick SiO2 layer is left on the handle layer to avoid shortcuts between the
structured device layer and the handle layer due to silicon residuals from the RIE
etch process (see figure 3.3(d)). The process parameters for the EASD fabrication
are listened in section 5.

Hence, the silicon nanowire can be integrated into the EASD by monolithic
integration or via pick and place technique. Both methods are described in detail
in section 3.2.3. After nanowire integration the sample is glued on a 170 µm thick
quartz glass plate which itself is further glued on a copper plate. Next to the sample
a circuit board with solder contacts for a connector is glued on the copper plate.
By aluminum wire bonding the silicon pads of the sample are connected with the
circuit board. At this point the movable parts of the EASD can be fully released by
cutting the supporting silicon beams via FIB. Therefore all pins of the connector are
connected to a grounded stub inside the FIB system. This prevents a FIB induced
charging of the EASD structures and thus undesired attraction toward the handle
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layer substrate. During the whole FIB milling process an exposure of the nanowire
with the FIB has to be avoided. Otherwise an amorphization of crystalline nanowires
would occur. Figure 3.4 shows an image of a sample ready for measurement. The
silicon chip contains a matrix of 4 × 4 MEMS devices where only one is connected
to the circuit board by wire bonding.

Figure 3.4: MEMS device chip with 4 × 4 devices mounted next to a circuit board on a
copper plate. One device is connected with the circuit board by aluminum wire bonding.

3.1.3 Benchmarking of the EASD

In this section, the capability of the EASD is demonstrated under consideration of
the employed design parameters. The derivation of the used equations are described
in section 2.6.

The force and thus the strain acting on the integrated nanowire is an interaction
of the attractive actuator force Fa and the restoring force Fbeam. Both forces are
also dependent on the current state of stage displacement. The length of the four
silicon beams supporting the movable stage part is chosen to L = 94 µm. With
the Young’s modulus of silicon in [111] Y111 = 187 GPa, a chosen beam thickness
of dbeam = 2 µm and the beam height hbeam (which is given by the device layer
thickness), the total beam force as function of the beam deflection (similar to the
stage displacement) ∂a is calculated by using equation 2.67) to
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Fbeam = 3.39 · 10−4 · ∂a [N ] (3.1)

The actuator force can be calculated with equation 2.66. The utilized design
parameters are the total number of combs Nc = 226, a comb width of w = 2 µm, a
distance between two combs of d1 = 1 µm and the distance between comb tip and
opposite structure of d2 = 3 µm. Thus the actuator force dependent on the actuator
voltage VActand the actuator displacement ∂a is calculated to

Fa =
(

4 · 10−9 + 8.01 · 10−21

(3 · 10−6 − ∂a)2

)
· V 2

Act [N ] (3.2)

As mentioned above the force acting on the nanowire is an interaction of actuator
force and restoring beam force. It can be described as FNW = Fa−Fbeam. According
the definition of stress in section 2.4.1.2, the stress P applied on the nanowire is
given by FNW per the nanowire cross section area ANW = πr2

NW . This stress P
is proportional to the applied strain ε111 with the Young’s modulus Y111 of the
nanowire as proportional constant (see equation 2.45). Hence the strain applied on
the nanowire equals the interaction of the displacement dependent actuator force
and beam force. The strain on the nanowire is defined as change of the nanowire
length ∂a per initial nanowire length lNW and is therefore also dependent on the
stage displacement. Thus the whole system is given by

ε111 = ∂a
lNW

= FNW
Y111ANW

(3.3)

Typical dimensions of a silicon nanowire integrated into the MEMS device are a
length of lNW = 3 µm and a diameter of dNW = 100− 150 nm.

This system can be described by a cubic function f(∂a). By solving equation
3.3 for ∂a with a numeric calculation tool and utilizing only the physically relevant
solution, the system converges for the respective actuator voltage VAct to force values
FNW and the strain values ε111 as shown in figure 3.5.
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Figure 3.5: Calculated force and strain generated by the EASD applied on a 3 µm long
silicon nanowire as a function of the actuator voltage VAct for two different nanowire
diameters.

Stress and thus strain which can be applied on the nanowire is inverse pro-
portional to the square of the nanowire diameter dNW . Hence, a reduction of the
nanowire diameter increases the straining performance of the EASD for a certain
actuator voltage drastically. While for a 150 nm thick nanowire and 100 V actuator
voltage a theoretically strain value of 1.49% is reached, for a nanowire with 100
nm diameter and the same actuator voltage a theoretical strain value of 3.37% can
be achieved. Nevertheless with generated forces up to 60 µN at 110 V actuator
voltage the EASD is predestined for high strain experiments on silicon nanowires.
The generated force is almost quadratic dependent on the actuator voltage and can
approximately described by:

FNW = 4.94908 · 10−9 · V 2
Act [N ] (3.4)

The strain values achieved from a real-life EASD can differ from the calculated
values because the EASD fabrication underlies tolerances which vary the design pa-
rameter dimensions. Furthermore the nanowires did not have an uniform diameter.
Therefore strain is not distributed homogeneously along the nanowire.
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3.2 Nanowire synthesis

3.2.1 LPCVD system

Silicon nanowire synthesis is performed in a LPCVD reactor, utilizing the VLS
mechanism with silane as precursor gas and gold as catalyst. Figure 3.6 shows an
image of the LPCVD reactor as well as a schematic of the main components of the
system.

Figure 3.6: LPCVD system, for VLS synthesis of silicon nanowires. The system consists
of a process gas supply, the reactor tube with the surrounding furnace and a piston pump to
evacuate the reactor. The gas flow is controlled by MFCs in the gas lines and the pressure
inside the reactor is controlled by a manual throttle after the reactor tube.

The reactor consists of a quartz tube surrounded by a movable tubular hot wall
furnace. On the one end the gas supply is connected and on the other end a vacuum
system is located. The gas supply is carried out by high pressure gas cylinders of
the process gases followed by pressure reducers for each line. The flows of each
line are controlled by separate mass flow controllers (MFC) and are subsequently
mixed to one line which is connected over a two-way hand valve to the reactor tube.
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Depending on the hand valve position, either the growing gases or ambient air for
venting the tube, passes the valve.

The vacuum system consists of an oil-free piston pump for the reactor tube
evacuation and a manual throttle between pump and tube, which regulates the
pressure inside the reactor. After the pump the extracted gases are neutralized by
an absorber.

To load the LPCVD reactor with a sample the two-way hand vale can be un-
screwed via a screw cap and the sample will be moved to the right position inside the
tube with a quartz glass hook. The oven will be moved that the sample is positioned
at the center of the tubular furnace.

3.2.2 Silicon nanowire growth

3.2.2.1 Synthesis of <111> oriented silicon nanowires

For VLS synthesis optimization, nanowires are grown on silicon (111) cut samples.
Therefore a silicon dice is cleaned by sonification in acetone and isopropanol, dipped
in BHF for 5 s to remove the native SiO2 layer and subsequently rinsed with deion-
ized (DI) water. To deposit the catalytic gold colloids with diameter of 80 nm, 10 µl
of the colloid solution solved in DI water with a mixing ratio of 1:5 is dropped on
the silicon dice. The sample is dried on a hot plate, once again dipped in BHF for 10
s and subsequently rinsed in DI water. The second BHF dip is required to remove
the oxide from the gold collide surface originating by silicon diffusion through the
gold [67].

Immediately afterward the sample is introduced into the LPCVD reactor and the
reactor tube is evacuated to a pressure of 0.05 mbar to prevent re-oxidation of the
silicon. After evacuation the tube is purged with 70 sccm He and the oven is heated
up with a ramp of 60 K/min to the final growth temperature of 793 K. During the
heating the pressure is regulated to 3 mbar with the manual throttle. After the
growth temperature is reached, the He flow is stopped and the process gases, 10
sccm H2 and 100 sccm diluted SiH4 (2% SiH4 in He) are started. The temperature
will be kept constant for the whole growth duration time. After completion of a 45
min growth duration time the gas flows are stopped and the tube is purged with He
during the cool down of the furnace.
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At a temperature of about 573 K the sample is removed from the LPCVD reactor.
A typical growth rate of silicon nanowire under the given growth conditions is about
110 nm/min, thus for a growth duration of 45 min the nanowires will have a length
of 5 µm in average.

3.2.2.2 Synthesis of <112> oriented silicon nanowires

In principle <112> oriented silicon nanowires are grown similar to <111> nanowires
as described in the section above 3.2.2.1. The deviations from the processes described
above are elaborated in the following sentences. First a (112) oriented silicon sub-
strate is used for the nanowire synthesis. Since some of the epitaxial grown <112>
nanowires are directed perpendicular to the substrate and therefore easier to pick
and place on the EASD. Total process gas pressure is increased to 15 mbar to synthe-
size <112> oriented nanowires [38] and finally the growth temperature is increased
to 808 K to achieve nanowire lengths of more than 20 µm for a growth duration of
45 min. Nanowire lengths of more than 15 µm are necessary for the employed pick
and place nanowire transfer technique.

3.2.3 Nanowire integration

3.2.3.1 Monolithic integration of nanowires in the MEMS device

For most straining experiments the silicon nanowires are monolithically integrated
into the EASD. To deposit the catalytic colloids on the facets of the trapeze-shaped
structures of the EASD, the dielectrophoresis technique is employed. At this tech-
nique the colloids in the solution are arranged along the electric field lines of an
alternating electric field applied between stage part and specimen part of the EASD.
Once they come in contact with the silicon surface, they are bonded on it and will
not be rinsed away by following rinsing steps. To make sure that only the trapeze
structures are coming in contact with the colloid solution, first the whole EASD is
covered with a total of three layers of photoresist. Afterward the region around the
trapeze structures is exposed with a 12×12 µm2 sized window by direct laser writing
and developed to remove the exposed resist. Next to the window at the gap where
the nanowires will growth, about 100×2000 µm2 sized windows are exposed and de-
veloped on the silicon pads of the EASD to apply the alternating voltage, necessary
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for the dielectrophoresis, with needle probes. Figure 3.7 shows microscope images
of the resist windows for the silicon pads 3.7(a) and the nanowire gap 3.7(b).

Figure 3.7: Microscope images of the resist windows on the EASD for catalytic colloid
deposition by dielectrophoresis. (a) 100× 2000 µm2 sized windows on the silicon pads for
needle probes. (b) 12× 12 µm2 sized window to make sure that colloids are only attached
on the silicon surface at the nanowire gap.

After a 5 s BHF dip to remove the native oxide the same colloid mixture as
described in the section above is dropped on the resist window at the gap and needles
of a needle probe station are placed on the opened silicon pads of the specimen and
stage part. By applying a sinusoidal AC voltage of Vpp = 15 V with a frequency
of 100 kHz combined and a DC offset voltage of Vbias = 3 V for 5 s, few gold
colloids of the colloid mixture are intentionally placed on the (111) oriented sidewall
facet of the gap trapeze structures. Afterward the excess colloid solution is blown
away with nitrogen and the resist layer covering the silicon structures is removed
by rinsing the sample with acetone and isopropanol. After removing resist residuals
in oxygen plasma for 15 min, the MEMS device is once again dipped in BHF and
silicon nanowire synthesis is started as described in the section above (3.2.2). Since
the epitaxial silicon nanowire growth in <111> direction is starting from the (111)
facet of the gap structure, the nanowire is growing perpendicular from one facet
bridging the gap and forming a self-aligned contact on the opposite facet as shown
in figure 3.8(a).

Such defect free nanowire/bulk silicon contacts show a high mechanical robust-
ness and an excellent electric behavior with contact resistivity about two orders of
magnitude lower than for comparable Au/Ti contacts [68–70].
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Figure 3.8: SEM images of silicon nanowires integrated into an EASD. a) Monolithic
integrated nanowire. b) Nanowire integrated with pick and place technique and EBID
tungsten fixation. Scale bar equals 2 µm.

3.2.3.2 Pick and place integration of nanowires in the EASD

Alternative to the monolithic integration of <111> oriented silicon nanowire, a
<112> oriented nanowire is integrated into an EASD by pick and place technique
using a dual beam (SEM-FIB) system. Therefore special glue was deposited on the
tip of a nano-manipulator. After approaching the tip of an individual <112> silicon
nanowire with the tip of the nano-manipulator, the glue is hardened with an electron
beam with the current of 1 nA for one minute. After the fixation of the nanowire on
the manipulator tip the nanowire is separated at base from the growing substrate
by a fine FIB cut. After placing the nanowire over the gap of the EASD, both ends
of the nanowire are fixed by electron beam induced deposition (EBID) of tungsten.
Finally the nanowire is cut from the nano-manipulator by FIB. Figure 3.8(b) shows
a silicon nanowire integrated on an EASD by pick and place technique.
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3.3 Measurement setup

3.3.1 Confocal micro-Raman microscopy

Micro Raman spectroscopy measurements are executed with a WITec alpha300 con-
focal microscope system shown in figure 3.9.

Figure 3.9: Image of the Raman spectroscopy setup.

A frequency doubled Nd:YAG laser emitting linearly polarized light at 532 nm,
fiber-coupled to the system, is used as excitation light source. The laser light passes
a beam splitter and is focused on the sample to a spot size of about 300 nm with a
Zeiss LD EC Epiplan-Neofluar 100x objective (NA = 0.75; WD = 4 mm) or about
1µm with a Nikon EPI EPlan 20x objective (NA = 0.4; WD = 3.8 mm). The
scattered light is then collected by the same objective and passes a filter to blank
the excitation wavelength. Spectral analysis is performed by a WITec UHTS300
spectrometer specified for wavelengths from 400 nm to 1100 nm. The filtered light
is coupled to a fiber by a collimator, guiding the light to the spectrometer. The light
can also be redirected to a CCD camera build in the microscope ocular for sample
imaging.
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System configuration used for the Raman spectroscopy is:

• Dichroic beam splitter

• 532 nm long pass filter (light with wavenumbers beyond approx. 60 rel. cm−1

passes the filter)

• 100 µm single mode fiber to the spectrometer

• WITec UHTS300 spectrometer: 600 and 1800 g/mm gratings with 0.5 µm
blaze wavelength, 300 mm focal length, f/4 aperture ratio

• Andor iDus DV401A-BV CCD detector

The sample is mounted on a piezo-actuated stage enabling a positioning of the
sample in x, y and z direction in 10 nm steps. The stage is computer controlled with
the associated WITech software enabling fully automated data acquisition from the
spectrometer measuring the spectrum of a single spot or performing a line scan over
a chosen path.

3.3.1.1 Calibration of strain measurements in nanowires

The quantification of strain in the nanowires for the piezoresistance measurements
with the EASD is realized by Raman spectroscopy measurements. Therefore the
shift of the first-order Raman peak is measured which is proportional to the applied
strain by a constant k, as described in section 2.5. Hence, to utilize the Raman spec-
troscopy for strain measurement, first the factor k has to be determined accurately.
Therefore the elongation of a nanowire, monolithic integrated in an EASD, was mea-
sured in situ with SEM at different actuator voltages (see figure 3.10(a)). With the
measured elongations, the respective strain was calculated with ε = ∆l/l0 where ∆l
is the elongation and l0 is the length of the unstrained nanowire. In the next step
the Raman peak shift of the same nanowire was measured for the same actuator
voltages (see figure 3.10(b)). Thereby a low excitation laser power (< 50 µW ) was
used to avoid unintentional heating of the nanowire, and therefore a temperature
induced peak shift. The strain value can thus be correlated to the Raman peak shift
for each actuator voltage (see figure 3.10(c)). The slope of the function "peak shift
over strain" corresponds with the factor k (see figure 3.10(d)). The proportional
factor was determined to k = 326 in good agreement with literature [62, 71].
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Figure 3.10: Determination of the proportionality factor k of VLS grown silicon
nanowires. (a) Direct determination of strain measuring the nanowire elongation in-situ
with SEM for various actuator voltages. (b) Raman peak shift measured at the same ac-
tuator voltages. (c) Strain values and dedicated peak shifts for different actuator voltages.
(d) Strain over dedicated peak shift. The slope of the linear fit corresponds to the factor k
= 326.
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3.3.2 Electrical characterization of semiconductor nanowire

Electrical characterization of the nanowires is carried out with low-noise source
monitor units (SMU) embedded in a HP4156B semiconductor parameter analyzer.
The wired MEMS device as shown in figure 3.4 is connected with the SMUs via
coaxial cables. In order to identify parasitic shunting resistances in the device, both
voltage and current are monitored in all utilized SMUs during I/V sweeps.

Typically resistance of an integrated intrinsic silicon nanowire is RNW ≈ 109 Ω
so that a measurement circuit as showed figure 3.11 has to be employed for high
resistance measurements in voltage source mode.

Figure 3.11: Schematic of the measurement circuit in voltage source mode. Ri is the
internal resistance, Cshunt the parasitic capacitance from the cables and setup and RNW
the nanowire resistance.

For piezoresistance measurement the nanowire voltage VNW , applied between
the specimen part and stage part, is swept from negative to positive voltages while
both currents, INW into specimen part and IGND from the stage part, are measured.
The voltage sweep is repeated for various stepwise increasing actuator voltages VAct,
applied between the actuator and stage part. Stage part and handle substrate are
connected to ground to prevent an attraction of the movable part to the handle
substrate due to leakage current induced charging of the substrate. Wiring of an
EASD is illustrated in the figure 3.12.

The device layer of the SOI wafer, used for the EASD fabrication, is heavy p-
doped. Furthermore the aluminum bonding wires are forming a near ohmic contact
with the silicon pads [72] and the rest of the current path to the SMUs is conducted
with low resistance cables. Due to the high nanowire resistance, the comparatively
small contact resistances of the silicon pads can be neglected for the I/V measure-
ments.
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Figure 3.12: Schematic of the EASD with the applied voltages and resulting currents
during electrical characterization of a silicon nanowire. The induced currents can flow
between the different part of the EASD due to parasitic resistances of the uncatalytic de-
posited silicon layer.

Timing parameters of an I/V sweep has to be carefully chosen. The time con-
stant of the circuit is given by τ = (Ri//RNW )Cshunt ∼= RiCshunt since the inter-
nal resistance is much lower than the nanowire resistance. With typically values
Ri = 1 − 10 Ω and Cshunt = 100 pF settling time is about 1 ns. Nevertheless,
contact resistance, parasitic device capacitance and charging of slow surface states
can lead to significant larger time constants. Therefore a delay time of 1 s between
two VNW steps and a hold time of 10 s for each VAct step was chosen for all electrical
measurements.

During the monolithic nanowire integration into the EASD, the whole EASD will
be covered by an uncatalytic deposited amorphous silicon layer which acts as para-
sitic resistances interconnecting the silicon pads with the handle substrate. There-
fore part of the specimen current INW is flowing directly to the handle substrate.
The part flowing over the silicon nanowire is measured at the stage part. Further,
the high actuator voltages up to 110 V lead to leaking currents up to a few µA
flowing over the parasitic resistances to the stage part and to the substrate silicon.
Therefore the current IGND measured at the stage part is disturbed, especially at
higher actuator voltages. The current at the specimen part will not be disturbed
by the crosstalk since the specimen part is shielded from the actuator part by the
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grounded stage part. Due to the parasitic resistances, a negative offset current I0,
dependent on VAct originating from the handle substrate, can be measured on the
specimen part which is constant over a VNW voltage sweep. Hence the current IRes
for the nanowire resistance calculation is determined by following equation:

IRes(VAct) = IGND,0V + ∆INW (VAct) (3.5)

with

∆INW (VAct) = (INW (VAct)− I0(VAct))− INW,0V (3.6)

where IGND,0V is the current flowing over the nanowire at VAct = 0 V and INW,0V
the current induced to the specimen part at VAct = 0 V . Therefore the current over
the nanowire is a sum of the undisturbed IGND,0V and the VAct and thus strain
related change of INW .

For the nanowire resistance calculation, the differential resistance δVNW/δIRes
around VNW = 0 V is utilized. To minimize an error due to noise inflicted distortion
of single data points, a set of differential resistances are calculated with varying
voltage ranges for δVNW . As the final result for the nanowire resistance RNW , the
median of the various differential resistances is used. Hence, the error, caused by
disturbed data points, is statistically reduced.

For the piezoresistance measurement of the nanowire integrated by pick and
place technique, INW can directly be used for RNW calculation due to the lack of
parasitic resistances caused by uncatalytic silicon deposition.

All electrical measurements are executed with all light sources in the room turned
off to avoid light induced currents which alter the measurement results.
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3.3.3 Electrical measurements at cryogenic temperatures

The measurement of the silicon nanowire piezoresistance at cryogenic temperatures
is carried out with the cryostatic temperature regulator setup shown in figure 3.13.

Figure 3.13: Image of the cryostatic temperature regulator setup used for the piezoresis-
tance measurements of silicon nanowires at cryogenic temperatures.

Therefore the EASD with integrated nanowire is mounted inside a cryostat which
is evacuated with a turbo molecular pump to a base pressure < 3 · 10−6 mbar.
The cryostat is cooled with liquid nitrogen from a Dewar vessel. A temperature is
regulated with a controller by heating the cryostat until the desired temperature is
set. The temperature variation during a piezoresistivity measurement at a certain
temperature is kept below ∆T = 0.05 K to avoid a temperature related resistance
fluctuations.
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3.3.4 Electrical measurements under laser light excitation

To investigate the strain dependency of the electrical properties in intrinsic sili-
con nanowires under 532 nm laser light excitation, the EASD with an integrated
nanowire is embedded into the micro-Raman spectroscopy setup (see section 3.3.1)
and connected to the semiconductor parameter analyzer. With the 20x magnifica-
tion objective, the FWHM of the laser spot is about 1 µm. Hence, only a part of
the nanowire is excited with the laser light during the electrical characterization as
shown in figure 3.14. The structures of the EASD were unaffected by the laser light
excitation.

Figure 3.14: Microscope image of the EASD with NW 2 using the 20x magnification
objective of the micro-Raman spectroscopy setup. The nanowire is excited with the green
excitation laser (532 nm) of the micro-Raman spectroscopy setup. With the 20x magni-
fication objective, the laser spot size is about 1 µm. Thus only a part of the nanowire is
excited while the EASD structures are unaffected by the laser light.

Excitation laser power is measured directly under the 20x magnification ob-
jective before and after the electrical characterization. The utilized laser powers
25 µW , 50 µW and 100 µW correlate to laser power densities of 4.85 kW/cm−2,
9.7 kW/cm−2 and 19.4 kW/cm−2, respectively.

Photocurrent measurements on nanowires are performed as illustrated in figure
3.15. First a piezoresistivity measurement as described in section 3.3.2 is executed
with the excitation laser turned off 3.15(a). No charge carriers are photo-generated,
hence the dark current is measured. Afterward the measurement is repeated with
the excitation laser turned on 3.15(b). Now an additional, photo-generated current
will be measured. Since the laser is focused by the microscopy objective only the
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nanowire is excited by laser light. A comparison of the measurement data with and
without laser light exhibits the laser light induced nanowire photocurrent.

Figure 3.15: Schematic of the photocurrent measurement on a silicon nanowire utilizing
the micro-Raman spectroscopy setup. (a) First electrical characterization of the nanowire
is done with the laser turned off. (b) Afterward the measurement is repeated with the
laser turned on. The laser light induced photocurrent results from a comparison of the two
measurements.

69



Chapter 4

Results and Discussion

In this chapter the results of the strain engineering experiments are presented and
analyzed with the main focus on the piezoresistive behavior of the intrinsic silicon
nanowires. First the results for <111> oriented silicon nanowires are shown includ-
ing piezoresistivity measurements under ambient condition, vacuum condition and
low temperature as well as measurements under laser light excitation. The influ-
ence of strain on the I-V characteristic and the photocurrent of the nanowires are
presented. Afterward the origin of the atypical piezoresistive behavior of intrinsic
silicon nanowire are discussed. Finally the piezoresistive measurements on a <112>
oriented nanowire are shown and discussed.
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4.1 Strain related measurements on <111> ori-

ented silicon nanowires

4.1.1 micro-Raman spectroscopy on <111> oriented silicon

nanowires

Since the silicon nanowires integrated in the EASD are slightly tapered, i.e. the
diameter is reducing from the base to the tip of the nanowire, an non-uniform strain
distribution along the nanowire can be expected. By performing line scans along
a strained nanowire with the micro-Raman spectroscopy setup 3.3.1 the spatial
resolved strain mapping of the nanowire can be achieved.

For low strain levels the strain along the nanowire was evenly distributed. Under
high strain with peak value above 1%, the strain mapping showed a gradient in strain
along the nanowire. Figure 4.1 shows the spatial resolved strain distribution along
a silicon nanowire for various actuator voltages and therefore strain levels.

Figure 4.1: Raman strain mapping of a tapered silicon nanowire. At low actuator voltages
the strain is homogeneously distributed along the nanowire. For high strain levels a strain
gradient, with strain decreasing from the thinner nanowire end towards the thicker end,
occurs.

The highest strain level occurred at the thinner end of the nanowire and was con-
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tinuously decreasing towards the thicker end. Hence, electrical properties, e.g. band
gap and thus carrier density, are expected to be inhomogeneous along the nanowire
at high strain levels. For all further investigations the strain value measured at the
half length of the nanowire was used. This value corresponds roughly to the average
of all strain values along the nanowire.

4.1.2 Electrical characterization of <111> nanowires

The measurement procedures for the electrical measurement are thoroughly ex-
plained in section 3.3.2.

The current-voltage (I-V) characteristics of a 3.2 µm long and slightly tapered
silicon nanowire integrated in an EASD is shown in figure 4.2. The diameter of the
nanowire varies from 125 nm at the base to 100 nm at the tip which is connected
to the stage part. In figure 4.2(a) the measured values of the nanowire current IRes
and in 4.2(b) the semilogarithmic plot for the unstrained nanowire, at 1% tensile
strain and at 3% tensile strain as well as the respective fourth order polynomial fits
are shown.

Figure 4.2: Typical I-V characteristics of a silicon nanowire under increasing strain
conditions. (a) I-V plot showing the rising asymmetry with increasing strain. (b) Semilog-
arithmic I-V plot showing an increase in current of about one decade due to the applied
strain of 3%.

The nanowire I-V characteristic is slightly non-linear. As origin of the non-
linearity, imperfect contacts are assumed. With increasing strain the current in-
creases by about one order of magnitude at 3% strain and exhibits an enhanced
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non-linearity. Furthermore the I-V characteristic is ambipolar, i.e. an asymmetry
between the positive and negative biased current was observed with a lower re-
sistance for negative voltages. Generally the asymmetry can be dedicated to the
tapered geometry of the nanowire and thus asymmetric contact interfaces. The con-
tact resistance of a monolithically integrated nanowire is dependent on the nanowire
diameter [69]. While without applied strain the ambipolar characteristic is vanish-
ingly small, at high strain levels the ambipolar characteristic is significant. When the
nanowire is highly strained an non-uniform strain distribution along the nanowire
occurs as shown in the section above. Hence, the thinner nanowire/EASD interface
is more stressed than the thicker one. It seems that this stress alters the electrical
properties of the nanowire contacts leading to the enhanced non-linearity and the
ambipolarity of the I-V characteristic at high strain.

The fourth order polynomial fittings of the currents in figure 4.2(a) indicated
an small offset current at VNW = 0 V which originated from the subtraction of a
slightly disturbed offset current I0 (see equation 3.6). Since the nanowire resistance
was calculated using the differential resistance this offset had no impact on the final
result.

4.1.3 Piezoresistivity of <111> oriented silicon nanowires

The I-V measurements exhibited a high strain dependency of the nanowire resistance
as expected for semiconductors. In the following plots the relative resistance change
(RNW,strained − RNW,unstrained)/(RNW,unstrained)is used. This allows a piezoresistive
behavior comparison of nanowires with different initial resistances. In semiconduc-
tors the relative change of resistance can be assumed as equivalent to the relative
change of resistivity (see section 2.4.2).

Measurement data from two silicon nanowires are shown in the following plots,
which will be further denoted as NW 1 and NW 2 for reasons of simplicity. Physical
dimensions of the two nanowires are given in table 4.1.

denotation length min. diameter max. diameter
NW 1 3.2 µm 100 nm 125 nm
NW 2 3 µm 110 nm 140 nm

Table 4.1: Physical dimensions of the silicon nanowires used for piezoresistivity mea-
surements
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4.1.3.1 Piezoresistivity measurements at room temperature

IThe semilogarithmic plot in figure 4.3 the relative resistance changes of NW 1 and
NW 2 as a function of the applied strain. The green and the blue line represents the
piezoresistive behavior of moderately p- and n-doped <111> oriented bulk silicon
calculated by Kanda [13], respectively. Both nanowires where measured under am-
bient conditions and room temperature. A maximum strain of 3.07% was measured
for NW 1 by Raman spectroscopy at 125 V actuator voltage which equals an applied
stress of 5.74 GPa. Beyond VAct = 125 V , NW 1 ruptured which corresponds to
reporeted fracture stress values of <111> oriented silicon nanowires in literature
[10, 23].

Figure 4.3: Semilogarithmic plot of the relative resistance change of silicon nanowires
as a function of applied strain. Measurements were executed under ambient conditions
and room temperature. The green and blue dot dashed trend lines indicate piezoresistive
behavior of <111> oriented moderately p- and n-doped bulk silicon, respectively.
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For NW 2 a maximum actuator voltage 100 V was applied to prevent a pre-
mature fracture of the nanowire. A maximum tensile strain of 4.1% was applied
which corresponds to a stress of 7.67 GPa. Since straining the NW 2 up to 4.1%
was reproducible, we suppose that the nanowire was strained within the elastic de-
formation range. The higher robustness of NW 2 was unexpected because a larger
nanowire diameter normally means a lower fracture stress limit [10]. Micro defects
in the bulk/nanowire tip interface of NW 1 could be a possible reason for the earlier
fracture. Nevertheless, NW 1 withstood an about two times higher strain level as
reported for bulk silicon.

The measurement data of both nanowires in figure 4.3 showed an increase in
resistance for low tensile strain levels. Such a behavior is common for p-type silicon
with stress applied in <111> direction. With increasing strain the trend changed
and the nanowire resistances were decreasing. The increase of the relative nanowire
resistance change of NW 1 slowly flattened with increasing strain reaching the peak
value at 0.15%. Beyond 0.24% strain the relative resistance values inverted to nega-
tive values, i.e. the nanowire resistance under strain became lower than for the un-
strained nanowire. In contrast, resistance of NW 2 increases linearly with an abrupt
inversion of the trend and decreasing resistance for strain levels beyond 0.19%. A
decrease of the resistance with increasing tensile strain is typical for n-type silicon.
The relative resistance of NW 1 changed up to about -80% which is a five times lower
resistance compared to the unstrained nanowire resistance. The relative resistance
of NW 2 changed up to -45% which means a nearly bisection of the initial nanowire
resistance.

For a better comparability of the nanowire piezoresistivity behavior with that of
bulk silicon, the piezoresistive coefficients where calculated by dividing the relative
change of nanowire resistance by the applied stress. In figure 4.4 the piezoresistive
coefficients of NW 1 and NW 2 are plotted as a function of the applied strain on
the nanowires. Again the bulk silicon values are marked with green and blue dot
dashed trend lines.
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Figure 4.4: Semilogarithmic plot of the piezoresistive coefficients of two different sili-
con nanowires as a function of applied strain. Measurements were executed under ambient
conditions and room temperature. The green and blue dot dashed lines indicate the piezore-
sistive coefficients of <111> oriented moderately p- and n-doped bulk silicon, respectively.

For NW 1 at strain levels below 0.16% the piezoresistive coefficient was about
+30·10−11 Pa−1 while for higher strain levels up to 1% the coefficient was fluctuating
around −30 · 10−11 Pa−1. Beyond 1% strain the piezoresistive coefficient of NW 1
was continuously converging to a value of −14 · 10−11 Pa−1. Hence, at low strain
the piezoresistive coefficient of NW 1 was below the bulk value and for high strain
above the bulk value of moderately p- and n-doped silicon, respectively.

Furthermore, the piezoresistive coefficient of NW 2 at low strain levels was around
+90 · 10−11 Pa−1 and dropped instantly to values about −13 · 10−11 Pa−1 until 1%
strain and −6 ·10−11 Pa−1 beyond 1% strain. Hence, the piezoresistive coefficient of
NW 2 was close to the bulk value of moderately p-doped silicon for low strain levels
and close to the bulk value of moderately n-doped silicon for high strain levels. In
the intermediate regime from about 0.2% to 1% strain, the piezoresistive coefficient
was slightly higher than the bulk value.
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4.1.3.2 Piezoresistivity measurements at cryogenic temperatures

In this section the results to the temperature dependent piezoresistivity measure-
ments of NW 2, measured in 25 K steps from 200 K to 300 K under vacuum
conditions, are presented. The measurements were performed with the cryostatic
temperature regulator setup described in section 3.3.3. To guarantee a constant
temperature during the measurement at a defined temperature, the measurement
duration was reduced by increasing the steps of VAct from 5 V to 20 V.

At the investigated temperature regime, the extrinsic silicon carrier concentration
and thus resistivity are dominated by the doping concentration (see section 2.3.2.1).
Hence, the contact resistance of the highly p-doped silicon pads can still be neglected.
Figure 4.5 shows the semilogarithmic plot of the relative resistance change of NW 2
as a function of the applied strain measured at different temperatures.

Figure 4.5: Semilogarithmic plot of the relative resistance changes of NW 2 over the ap-
plied tensile strain for different temperatures. Measurements were executed under vacuum
condition.
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For all temperature in vacuum a decrease of the resistance was observable with
increasing tensile strain. Beyond 0.2% strain the relative resistance change measured
at 300 K in vacuum was similar to the result measured at room temperature and
ambient condition. With decreasing temperature the value of the relative resistance
change at 0.2% strain was decreased from -4.9% at 300 K down to -32.1% at 200 K.
The relative resistance change characteristics of all temperatures ran almost parallel
for strain values above 0.5% and showed an n-type bulk silicon behavior.

The semilogarithmic plot of the piezoresistive coefficients as a function of the
strain (see figure 4.6) exhibits the temperature dependency of the negative piezore-
sistive coefficient on applied strain, especially for small strain values.

Figure 4.6: Semilogarithmic plot of the piezoresistive coefficient of NW 2 as a function
of the applied strain and the n-doped bulk silicon value for comparison. The inset shows a
magnification of the high strain region with linear scale.

While for 300 K and 0.2% strain the piezoresistive coefficient of NW 2 is about
−14 · 10−11 Pa−1, at 200 K the piezoresistive coefficient is −90 · 10−11 Pa−1 which
is six times higher than at 300 K and about ten times higher than the bulk silicon
value. Nevertheless with increasing strain, the piezoresistive coefficients for each
temperature were approaching to values common for n-type bulk silicon. In the
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temperature range of 300 K to 250 K the piezoresistive coefficients were nearly
constant up to 0.5% strain. Afterward the negative piezoresistive coefficient values
started to decrease. For lower temperatures the negative piezoresistive coefficients
were decreasing continuously with increasing strain.

In table 4.2 the piezoresistance multiplication factors P(T) of NW 2 at 4.1%
tensile strain are given in comparison to the values calculated by Kanda [13] (see
figure 2.13) for moderate doped n-type bulk silicon.

temperature [K] this work Kanda
300 1 1
275 1.20 1.10
250 1.29 1.21
225 1.43 1.35
200 1.62 1.52

Table 4.2: Comparison of the piezoresistance multiplication factors P(T) measured on
NW 2 at 4.1% tensile strain with values calculated by Kanda [13] for moderate doped n-type
bulk silicon.

The results for piezoresistance multiplication factor are in a good agreement with
the calculations of Kanda.
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4.1.4 Nanowire characterization under laser light excitation

Laser light excited measurements were performed on NW 2 utilizing the micro-
Raman spectroscopy setup as described in section 3.3.4.

4.1.4.1 Influence of laser light excitation on the piezoresistivity

Figure 4.7 shows the semilogarithmic plot of the relative resistance change of NW 2
as a function of applied tensile strain for different laser excitation powers.

Figure 4.7: Semilogarithmic plot of the relative resistance change of NW 2 as a function
of the applied tensile strain at different laser excitation powers.

Without excitation the nanowire showed qualitatively the same piezoresistive
behavior as discussed before at comparable temperatures (see section 4.1.3). Under
laser excitation the nanowire exhibited an increase in resistance with increasing
strain over the whole applied strain range. The relative resistance change at 25 µW
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excitation power reached a maximum value of 31.5% at 4.1% strain. By increasing
the excitation power to 50 µW the relative resistance change increases to a maximum
value of about 44%. A further increase of the laser power to 100 µW did not increase
the piezoresistivity appreciable. The relative resistance change saturates at about
46% for a strain value of 4.1% although the overall resistance of the unstrained
nanowire was continuously decreasing with increasing laser excitation power. The
decrease of the unstrained nanowire resistance with increasing laser power is caused
by the photo current, i.e. electron hole pair generation due to absorbed photons
with energy higher than the bandgap of silicon.

The semilogarithmic plot of the piezoresistive coefficient as a function of the
applied strain (figure 4.8) reveals that the piezoresistive coefficient values measured
under laser excitation are approaching to a value around 5 · 10−11 Pa−1 which is
about twenty times smaller than the value of moderately p-doped bulk silicon.

Figure 4.8: Semilogarithmic plot of the piezoresistive coefficients of NW 2 as a function
of the applied tensile strain for different laser excitation powers.
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4.1.4.2 Strain dependency of the photocurrent

As mentioned in the section above, the resistivity and thus the current over the
nanowire is sensitive to the light excitation. With the electrical characterization
of the nanowire under laser light, the photo current induced by the laser can be
investigated (see section 3.3.4).

In figure 4.9 the influence of strain on the photocurrent for laser excitation with
different laser powers is presented.

Figure 4.9: The influence of strain in a silicon nanowire on the photocurrent at laser ex-
citation with different laser powers. (a) Effect of 4.1% strain and 100 µW laser excitation
on the I-V characteristic of NW 2. In (b), (c) and (d) ∆Iphoto is plot as a function of
the strain for Vbias = 0 V , Vbias = +1 V and Vbias = −1 V , respectively. While with bias
voltage the photocurrent changes instantly with the strain, without bias voltage, changes
of the photocurrent appear for strain levels higher than 1%.

Figure 4.9(a) shows the I-V characteristic of NW 2 with and without applied
strain of 4.1% as well as with and without laser excitation of 100 µW . Without
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excitation the applied strain caused a decrease of the nanowire resistivity, observable
by the increased slope of the nanowire current (black line) . Both strained (black)
and unstrained (red)current trend lines have their intercept with the current axis at
0 V, indicating that no photocurrent was induced. Under laser excitation the slope of
the unstrained nanowire current (green line) was higher than the slope of the strained
nanowire current (blue line), which indicates a strain induced enhancement of the
nanowire resistance. Strained as well as unstrained measurement of the nanowire
under laser excitation showed a photocurrent even at Vbias = 0 V , i.e. without an
applied external field. To obtain photocurrents without applied external electric
field, a carrier separation by a built-in voltage due to a gradient in the valence and
conduction band is necessary [73, 74]. The homojunction interfaces of the intrinsic
silicon nanowire monolithically integrated into the highly p-doped silicon structures
of the EASD, provides such gradients in the bands. The photo current flow direction
depends on which interface is illuminated. When both interfaces are illuminated
than the photo currents cancel each other out. Hence, only one interface of NW 2
was illuminated, since a negative net photo current was measured without applied
strain on the nanowire. Also the adsorbed molecules on the nanowire surface leads
to a surface charge induced band bending coming along with a hole accumulation
in the valence band [47]. These band bending leads to a high photoresponsivity
of the nanowire, since the photogenerated electrons will recombine with surface
states while the holes will be confined to the center of the nanowire [75]. The band
bending at the depleted region of the nanowire cross section and thus the carrier
concentration inside the nanowire is dependent on the nanowire diameter. Since the
nanowire has a slightly tapered geometry a band gradient due to non-homogeneous
carrier concentration along the nanowire can be expected.

The difference between the photo current at strained and at unstrained state is
marked in figure 4.9(a) and is further denoted with ∆Iphoto. In figure 4.9(b), (c)
and (d) the change of the photo currents ∆Iphoto without external electrical field
(Vbias = 0 V ), at Vbias = +1 V and at Vbias = −1 V are shown as a function
of the strain for different excitation laser powers. While without a bias voltage the
photocurrent did not change significant before a strain level of about 1% was reached,
with an applied external field the photocurrent altered instantly with the tensile
strain. As shown before in figure 4.1, the strain along the nanowire for strain levels
below 1% is homogeneously distributed. However with rising actuation of the EASD
the strain distribution becomes inhomogeneous with higher strain at the thinner tip
end of the nanowire than at the base. Since the bandgap of <111> oriented silicon
narrows with tensile strain, a strain gradient over the nanowire occurs which is
equivalent to an energy band gradient along the nanowire. Thus the change of the
photo current without bias voltage can be associated to the inhomogeneously strain
distribution at high strain levels beyond 1%.
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In the case of an applied bias voltage, the generated photo current is already
high due to charge carrier separation by the external electrical field. Thus the
strain induced energy band modifications affect the photocurrent even at small strain
levels.

4.1.5 Influence of the measurement conditions on

the nanowire resistivity

An overview of the resistivity of NW 2 as a function of the applied tensile strain for
different measurement conditions is given in figure 4.10.

The perfect agreement of the measurement result at room temperature with the
about one week later measured result at LP = 0 µW demonstrates the reliability
of the EASD technique. The nanowire resistivity of the unstrained nanowire was
determined to be at 21.5 kΩ cm and decreased to about 12 kΩ cm for 4.1% strain. In
vacuum at 300 K, the resistivity of the unstrained NW 2 was with 24 kΩ cm and for
4.1% with 12.5 kΩ cm, about 10% higher than the resistivity of the same nanowire
measured in air. This resistivity increase is attributed to the lack of absorbed
molecules on the nanowire surface in vacuum. Without the adsorbed molecules, the
surface doping effect due to hole accumulation in the valence band as described in
section 2.3.5.1 is nonexistent. The absent resistance increase at low strain levels
verifies this explanation.

The low temperature measurements under vacuum condition showed a strong
increase of the resistivity with decreasing temperature. This increase is a result of
the intrinsic nature of the nanowire (see equation 2.6) whereby carrier concentra-
tion is strongly dependent on the temperature. A reduction of the temperature is
equivalent to a reduction in the carrier concentration. Due to piezoresistive effects,
with increasing strain the resistivity was decreasing as shown in section 4.1.3.2.

Furthermore, with the generation of free charge carriers by laser excitation, the
resistivity of NW 2 was reduced by two orders of magnitude. The higher the ex-
citation laser power, the more charge carriers are generated and the lower is the
nanowire resistivity. With increasing strain the resistivity was increasing as shown
in section 4.1.4.1.
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Figure 4.10: Semilogarithmic plot of the resistivity of NW 2 as a function of tensile
strain under different measurement conditions. The temperature dependent measurements
T = 300 K, T = 250 K and T = 200 K were executed under vacuum and the measurements
with different excitation laser powers (LP) were executed under ambient condition at room
temperature.
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4.1.6 Discussion of the piezoresistivity of intrinsic <111>

silicon nanowires

This section discusses the piezoresistive measurements dependent on temperature,
ambient conditions and laser light excitation. A comparison of the different results
exhibits that the atypical piezoresistive behavior of intrinsic nanowires has its origin
in surface related effects.

As described in section 2.4.3, piezoresistive effects in bulk silicon are mainly
determined by the majority charge carrier type.

• If transport is carried out mainly by holes, the hole transfer from the light
hole band to the heavy hole band due to uniaxial tensile strain in <111>
oriented silicon leads to a reduction of the mobility and thus to an increase of
the resistance.

• For tensile strained <111> oriented n-type silicon, a narrowing of the bandgap
leads to a increase of carrier concentration and thus to a reduction of the
resistivity.

• For nanowires, the surface mainly determines the resistivity and thus piezore-
sistive effects. Strain caused modifications of trap state levels and the surface
potential changes the carrier concentration in the nanowire and thus the re-
sistivity significantly [16, 57].

The electrical measurements of the silicon nanowires revealed, that the piezoresis-
tive behavior is affected by the listed piezoresistive effects, depending on the amount
of strain applied on the nanowire and the prevailed measurement conditions.

At ambient conditions, adsorbed water molecules on the nanowire surface lead
to additional surface charges and trap states with energies below the midgap of the
silicon nanowire which cause electron trapping and thus Fermi level pinning below
the midgap and subsequently band bending along the depleted surface region. As
a result, an accumulation of holes in the valence band of the nanowire take place,
leading to p-type behavior of intrinsic silicon nanowires [20, 40, 49]. Hence the
intrinsic nanowire resistance rose with applied tensile strain up to 0.19%-0.25% (see
section 4.1.3.1) due to the p-type piezoresistive effect. In comparison with work
of Kanda [13], the thicker nanowire NW 2 had a piezoresistive coefficient similar
to moderately p-doped bulk silicon. The piezoresistive coefficient of the thinner
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nanowire NW 1 was about 3 times smaller than for NW 2 which equals highly p-
doped bulk silicon (see figure 2.13). Due to the depletion layer for thinner nanowires,
the charge carriers are highly concentrated in the inner of the nanowire with a carrier
concentration similar to highly p-doped bulk silicon and thus leading to a reduced
piezoresistive coefficient [46, 76]. Since the conducting area of the nanowire is also
reduced, the resistivity of NW 1 was even two times higher than the resistivity of
NW 2.

With increasing strain beyond 0.25%, a strong descent of the nanowire resistance
occurred. Such pronounced changes in resistivity have been reported by He and Yang
[14], Yang and Li [57] and were denoted as a giant piezoresistive effect. This giant
piezoresistive effect results due to stress induced modulation of the trap state levels
and thus surface potentials, leading to a filling or depopulation of the trap states
[16]. The energy levels of the surface states at the Si/SiO2 interface varies with
changing bonding parameters such as bond lengths and bond angles of the dangling
bonds and bonds with molecules adsorbed nearby [56]. Hence a deformation of the
crystal lattice due to strain changes the surface state levels and thus the surface
potential. The measurements suggest that tensile strain leads to a depopulation of
the Si/SiO2 interface traps and the adsorbed molecule trap states. Such mechanical
stress induced modulation of the trapping/de-trapping behavior of the interface
traps has been reported in MOSFET and memory devices [77, 78]. Particularly
the surface potential is shifting with strain, resulting in a reduced depletion layer
i.e. the traps become depopulated. Some of the de-trapped electrons recombine
with the holes in the valence band and the others act as free charge carriers in the
conduction band. Thus the charge carrier concentration increases and results in the
fast descent of the nanowire resistance.

After reaching a strain level of about 1%, the resistance of NW 2 decreased
slowly with a piezoresistive coefficient typical for moderate n-type bulk silicon. The
piezoresistive coefficient of NW 1 converged to this value with increasing strain. The
charge transport is now dominated by the de-trapped electrons from the Si/SiO2
interface. An increasing strain leads to a narrowing of the bandgap and thus to an
increase of the charge carrier concentration which again leads to a steady decreasing
resistance.
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Under vacuum conditions during the cryogenic measurements on NW 2 we ob-
served no increase of resistance for small strain levels. Thus we assume that the
accumulation of holes due to adsorbed water molecules did not occur without am-
bient air. At 300 K and below 1% strain the negative piezoresistive coefficient was
slightly higher than for bulk silicon. The larger piezoresistive coefficient can be at-
tributed again to a surface potential shift resulting in a release of additional free
electrons from the surface traps and the piezoresistive coefficient approached the
bulk value of n-type silicon.

At cryogenic temperatures a rapid decrease of resistance was observed for small
strain levels and beyond a certain strain level the resistance was decreasing with a
rate typical for n-type bulk silicon. This strain level determines the point where most
of the trap states are depopulated. With decreasing temperature the depopulation
strain level became lower and the relative change of resistance before the this strain
level became larger. It seems that a reduction of the thermal energy due to cooling
is reducing the capability of the Si/SiO2 interface to trap electrons.

In the case of laser light excitation (see section 4.1.4.1) the nanowire is flooded
with photo-generated electrons and holes. Thus, due the high amount of free charge
carriers, the carriers released from the surface trap states, play a minor role for
the nanowire piezoresistivity and the piezoresistive behavior of the nanowire is
mainly determined by n- and p-type bulk piezoresistive effects. Since the p-type
bulk piezoresistive effect has a stronger impact on the resistance of <111> ori-
ented silicon than the n-type bulk piezoresistive effect, the nanowire exhibited a
slightly positive piezoresistive coefficient. The identical piezoresistive behavior of
the nanowire for 50 µW and 100 µW laser power verifies that resistance change over
strain is dominated by piezoresistive effects and not by photo current related effects.
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4.2 Strain related measurements on a <112> ori-

ented silicon nanowire

This section is attended to the electrical characterization of an intrinsic <112>
oriented silicon nanowire under tensile strain. The nanowire was synthesized on a
silicon substrate and subsequently transferred to the EASD by pick and place tech-
nique as described in section 3.2.3.2. The diameter of the nanowire was increasing
from 120 nm at the thinner end to 135 nm at the thicker end and the total length
of the nanowire was 4 µm. Accidentally, the nanowire was placed 20◦ off, to the
perpendicular of the gap facets. Hence applied strain on the nanowire was not pure
uniaxial.

4.2.1 micro-Raman spectroscopy on <112> oriented silicon

nanowires

Typical <112> oriented silicon nanowires exhibit {111} planar stacking faults along
the growth axis [79]. These stacking faults give the nanowires next to the diamond
cubic structure (3C) local domains of polytype structures depending on the periodic
stacking fault arrangement. As the most common polytypes diamond hexagonal
(2H) or rhombohedral (9R) silicon can be found [80]. The diverse local domains
of polytype structures have different lattice constants and thus biaxially stresses
surrounding domains, leading to variations of Raman peak positions and additional
Raman peaks depending on the fraction of the diverse polytypes [81].

By executing a Raman spectroscopy line scan along the <112> oriented silicon
nanowire integrated into the EASD the variation of Raman peak positions and
additional Raman peaks were observed. Figure 4.11 shows the Raman spectra of
an unstrained <111> , an unstrained <112> and a strained <112> oriented silicon
nanowire.

The first-order Raman peak of the unstrained <112> oriented silicon nanowire
is shifted in respect to the unstrained <111> oriented silicon nanowire peak. This
shift changes with measurement position on the nanowire. Also an additional Ra-
man peak appears at about 495 rel.cm−1 originated from the 2H and 9R polytype
structures. When strain is applied on the <112> oriented silicon nanowire both
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Figure 4.11: Raman spectra of an unstrained <111> , an unstrained <112> and a
strained <112> oriented silicon nanowire.

first-order Raman peak and the additional Raman peak are shifting.

To determine the tensile strain depended Raman peak shifts, several line scans
were performed for different actuator voltages measuring the Raman peak posi-
tion the threefold degenerate first-order Raman peak of cubic silicon (see figure
4.12(a)). Subtracting the wavenumbers of the strained nanowire Raman peak with
the wavenumbers of the unstrained nanowire for each spatial position result in the
strain related peak shifts.

With equation 2.61 and knowing the factor k, the strain on the nanowire can
be calculated from the peak shifts. A SEM calibration was not performed for the
<112> oriented nanowire and the literature research was not successful. Hence, a
factor k 333 cm−1 was assumed or further calculation which lies in between factors of
<110> and <111> oriented silicon nanowires. In figure 4.12(b) the actuator voltage
depended Raman peak shifts and the related strain values along the nanowire are
depict. As strain value for the further calculations, the maximum strain values of the
thinner nanowire end position x = 2 µm were used. The determined strain values
have be treated with attention, since the influence of the applied tensile strain on
the internal biaxial strain, caused by the polytype structure domains, and thus on
the Raman peak shift is not fully clarified.
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Figure 4.12: (a) Raman peak position over the spatial position along a <112> silicon
nanowire for different actuator voltages. (b) Strain caused Raman peak shifts as a function
of the spatial position along the nanowire. A SEM image of the <112> silicon nanowire
underlies both plots.
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4.2.2 Electrical characterization of a <112> nanowire

The pick and place integrated <112> silicon nanowire exhibits a near ohmic char-
acteristic as shown in figure 4.13.

Figure 4.13: (a) Linear and (b) semilogarithmic I-V plot of the <112> oriented silicon
nanowire integrated into the EASD for different applied strain levels.

Contrary to the <111> silicon nanowires the I-V characteristic remained sym-
metric and linearity of the I-V characteristic was not altered under tensile strain since
the tungsten metal contacts fixing the nanowire are not effected by the strain. The
resistivity of the unstrained <112> oriented nanowire was about 10 times smaller
compared to the <111> oriented intrinsic silicon nanowires.

4.2.3 Piezoresistivity of a <112> oriented silicon nanowire

In figure 4.14 the relative change of resistance (black circles) as well as the piezoresis-
tive coefficient (blue squares) are plotted as a function of the applied tensile strain.
With increasing strain the resistance of the nanowire increased up to a strain level
of about 1.5% with a maximum relative resistance change of 10.3%. Beyond that
strain level the resistance decreased with increasing strain. For an applied strain
higher than 3.6% the resistance became smaller than the initial resistance of the
unstrained nanowire.
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Figure 4.14: Plot of the relative change of resistance (black circles) as well as the piezore-
sistive coefficient (blue squares) as a function of the applied tensile strain.

The piezoresistive coefficient of the <112> silicon nanowire reached a maximum
value of 4.8 ·10−11 Pa−1 at 0.8% strain. At higher strain the piezoresistive coefficient
was decaying linearly with the applied strain to a negative value of −6 · 10−12 Pa−1

at 4% strain.

Since the nanowire was not integrated exact in actuation direction of the EASD,
a transverse strain component next to the longitudinal strain component had to
be considered. Transverse stress has a big impact on the piezoresistivity of p-type
silicon, reducing the resistance with increasing strain. In <112> oriented n-type
silicon, the effect of strain on the resistance is also bigger than in <111> oriented
silicon since a conduction band valley splitting (see section 2.4.3.1 ) appears similar
to <110> oriented silicon. Hence, next the carrier concentration alteration due
to the bandgap modification, an effective mass and thus electron mobility change
affects the resistance. In table 4.3 the transverse and longitudinal piezoresistive
coefficients of n- and p-type silicon given by Kanda [13] are listed.
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doping type n-type p-type
% [Ω cm] 11.7 7.8
π<112>l -30 +70
π<112>t -5 -45

Table 4.3: Tensile piezoresistive coefficients [10−11 Pa−1] for n-doped and p-doped <112>
silicon in longitudinal (l) and transverse (t) direction at room temperature.

With a ratio of 0.364 between transverse and longitudinal component of strain
the effective piezoresistive coefficients are calculated to 28.14·10−11 Pa−1 and −20.9·
10−11 Pa−1 for p- and n-type silicon, respectively. It seems that the piezoresistive
response of the <112> silicon nanowire was an interaction of electron and hole
carrier transport. With increasing strain beyond the 1% strain level the electron
transport was slightly preferred. The influence of the surface adsorbed molecules on
the resistivity played a minor role which could be also an effect of the larger nanowire
diameter. The strain shifted the surface potential, thus releasing free electrons from
to Si/SiO2 interface traps resulting in n-type piezoresistive behavior. The effect of
the polytype structures inside the nanowire and the thus induced initial biaxial stress
can also have a huge influence of the nanowire resistance and has to be investigated
in more detail. The about 10 times smaller resistivity of the <112> nanowire in
comparison to the <111> nanowires could have its origin in the internal biaxial
strain.
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Conclusion

Silicon nanowires are intensively investigated since twenty years but still exhibit
interesting effects. One of them is the atypical piezoresistive behavior in comparison
to bulk silicon. Anomalous piezoresistivity and giant piezoresistive effects have a
huge potential to find application e.g. in highly sensitive strain gauges. Since the
nanowire surface has a big influence on the resistivity also applications as chemical
sensors are given. While piezoresistive effects in doped silicon nanowires have been
intensely investigated, intrinsic nanowires and their piezoresistive behavior have
been largely overlook up to now.

The scope of this thesis was the investigation of the anomalous piezoresistivity
of intrinsic silicon nanowires and its origin by measuring the electrical properties of
the nanowire under different measurement conditions. Therefore a dedicated elec-
trostatic actuated MEMS straining device (EASD) was developed and manufactured
to satisfy the requirements of executing high strain experiments in several different
measurement setups, i.e. SEM, Raman spectroscopy and cryostatic measurements.
Monolithically integration of the nanowires into such an EASD was performed and
the piezoresistive behavior was measured in ambient conditions and vacuum at dif-
ferent temperatures. Also the influence of laser light excitation on the nanowire
piezoresistivity and the dependency of tensile strain on the photocurrent have been
investigated.

After a short introduction, chapter two treats the theoretical aspects of the work.
The basic properties of silicon as well as the VLS based nanowire synthesis with the
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most important parameters to control the synthesis, are presented. A section about
the electronic properties of silicon, including the carrier concentration of intrinsic
as well as doped silicon is reviewed and the derivation of the resistivity within the
framework of the Drude model for electric transport is given. A section about carrier
generation and recombination with attention on trap states and the influence of the
nanowire surface on the electrical transport finishes the electrical properties section.
Here the amphoteric nature of the Si/SiO2 interface states and the influence of
the trap states on effective nanowire diameter and carrier concentration as well as
the effect of adsorbed molecules on the nanowire surface are described. The next
section the definitions of stress and strain in a crystal lattice are given, followed by
a description of the piezoresistivity in generally. The origin of piezoresistive effects
in n- and p-doped bulk silicon and atypical piezoresistive effects in silicon nanowires
are summarized and a quantitative model, i.e. the deformation potential theory,
for the prediction of strain-induced energy level shifts was given. The next section
includes an introduction of the Raman effect and the dependency of the Raman
shift on strain. The chapter is closed the derivation of equations to calculate the
actuation forces of comb drive actuated MEMS devices.

Chapter three takes attention on the experimental procedures used for this work.
First the functionality of the EASD and its basic parts are described as well as
all relevant design features. Thereafter the fabrication of an EASD is explained
in detail. Also an estimation of generated actuation force and applied strain on
typical nanowires is given utilizing the set of equations from chapter two and the
applied geometric design parameters. With 60µN inducing about 4% strain in a 100
nm diameter nanowire at 110V actuator voltage the EASD is predestined for high
strain experiments on silicon nanowires. In the next section the synthesis of <111>
and <112> oriented nanowires is described in detail as well as the two methods for
nanowire integration into the EASD, i.e. the monolithic integration and the pick and
place technique. Furthermore the measurement setups and measurement methods
to characterize the nanowires under several environment conditions are presented
including the mathematical calculations to extract current and resistance values
from the raw data for piezoresistance determination. Finally the measurement of
the k factor to correlate strain and Raman shift is shown.

In chapter four the results of the measurements are presented and discussed.
This chapter is divided into measurements on two monolithically integrated <111>
silicon nanowire and measurements on a pick and place integrated <112> silicon
nanowire. The first part started with Raman investigation the I-V characteristic of a
<111> oriented nanowire exhibiting a slightly non-linear behavior in the unstrained
state. Under strain an ambipolar I-V characteristic occurs attributed to asymmet-
ric stress on the monolithic contacts. Under ambient conditions and small strain
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levels the resistance of the nanowire was increases with a piezoresistive coefficient
similar to the value of p-type bulk silicon. With increasing strain the resistance rad-
ically dropped and beyond 1% strain the resistance of the nanowire decreases with
a piezoresistive coefficient typical for n-type bulk silicon. The low strain p-type be-
havior of the nanowire is a result of holes accumulation due to adsorbed molecules.
With increasing strain the surface potential shifts, resulting in a reduction of the
depletion radius and releases free electrons into the nanowire. Hence the nanowire
resistance decreases. In vacuum only a strain induced lowering of the resistance is
measurable due to the lack of holes generated by adsorbed molecules.

By reducing temperature, the strain level is reduced which is necessary to shift
the surface potential above the midgap and release electrons from the trap states,
since electron trapping capability of the Si/SiO2 interface is reduced with reduced
thermal energy. Under laser excitation the nanowire exhibites an interplay of p-
and n-type piezoresistive effects since the nanowire is flooded with both photo-
generated holes and electrons. Surface effects play a minor role in comparison to
unexcited nanowires. Furthermore a laser power and strain depended photo current
is measured even at zero bias voltage. Thereby charge carrier separation is attributed
to an non-uniform strain distribution along the nanowire and band bending at the
nanowire/bulk interfaces.

Part two of this chapter treats the electrical characterization of a <112> silicon
nanowire under strain. Raman spectroscopy revealed the existence of polytype struc-
tures inside the nanowire due to stacking fault formation. The strain experiment
with the EASD shows a weak anomalous piezoresistivity, originating in the interplay
of transverse and longitudinal piezoresistive effects since the applied strain on the
nanowire is not uniaxial. The influence of the surface states on the piezoresistivity
of the nanowire is not that distinct as for the <111> nanowires.

Summarizing, the developed MEMS device proved to be an ideal strain engi-
neering platform to perform high strain experiments on silicon nanowires under
several measurement conditions. The anomalous piezoresistivity of intrinsic silicon
nanowires could be investigated with different measurement setups revealing its ori-
gin in surface related effects combined with bulk piezoresistive effects. The versatile
utilizability of the MEMS device opens the way for further strain related applications
on miscellaneous nanostructures.
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List of Abbreviations

AFM Atomic Force Microscopy
Al2O3 Aluminum oxide
BHF Buffered Hydrofluoric Acid
BOX Buried Oxide
DI water De-Ionized water
EASD Electrostatic Actuated Straining Device
EBID Electron Beam Induced Deposition
FET Field Effect Transistor
FIB Focused Ion Beam
Ge Germanium
HH Heavy Hole
I-V Current-Voltage
LH Light Hole
LP Laser Power
LPCVD Low Pressure Chemical Vapor Deposition
MEMS Micro Electro Mechanical System
MFC Mass Flow Controller
NA Numeric Aperture
NW Nanowire
RIE Reactive Ion Etching
sccm Standard Cubic Centimeters per Minute
SEM Scanning Electron Microscopy
Si Silicon
SiO2 Silicondioxide
SMU Source Monitor Unit
SOI Silicon-On-Insolator
VLS Vapor-Liquid-Solid
WD Working Distance
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List of EASD processing

parameters

Lithography

MEMS pattern

• resist spin-coating: AZ5214 (1:1) 35 s with 9000 rpm

• pre-bake: 1 minute at 100 C

• direct laser writing: 2mm write head; Energy 10; Defoc 1800; 10% filter

• resist development: 25 s in MIF726

Dielectrophoresis pattern

• resist spin-coating: AZ5214 (1:1) 35 s with 3000 rpm

• pre-bake: 1 minute at 100 C

• resist spin-coating: AZ5214 (1:0) 35 s with 3000 rpm

• pre-bake: 1 minute at 100 C

• resist spin-coating: AZ5214 (1:0) 35 s with 5000 rpm

• pre-bake: 1 minute at 100 C
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CHAPTER 5. CONCLUSION

• direct laser writing: 4mm write head; Energy 100; Defoc 1700; 50% filter

• resist development: 50 s in MIF726

Chromium mask deposition by magnetron sputtering

• layers: 3

• power: 50 W

• duration per layer: 60 s

• rate: 20 nm / min

RIE parameters for anisotropic silicon etching

• temperature: -110 C

• pressures: work 10 mtorr, strike 35 mtorr

• gas flows: O2 10 sccm, SF6 50 sccm, He 5sccm

• powers: RF 15 W, ICP 100 W

• etch rate: ca. 1µm / min
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