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Abstract

Starting from silicon on insulator (SOI) material, with a top silicon layer thickness of 100 nm, silicon
nanowires were fabricated in a top down approach using electron beam (e-beam) lithography and subse-
quent reactive ion etching (RIE) and oxidation. Nanowires as narrow as 30 nm could be achieved. Further
size reduction was done using electrochemical etching and/or oxidation. The nanowires were contacted
creating drain, source and back gate contacts and characterized showing similar behavior as Schottky Bar-
rier Metal Oxide Semiconductor Field Effect Transistors (SB-MOSFETs). As an alternative, by thinning
the top silicon layer down nanoribbons, ∼ 1 µm wide, with a thickness down to 45 nm could be produced
using standard optical lithography showing similar behavior as the nanowires. The conduction mecha-
nism for these devices is through electrons in an inversion current layer for positive back gate voltages
and through holes in accumulation mode for negative back gate voltages. When the threshold voltage is
extrapolated for the nanowires and the nanoribbons it scales with inverse width and thickness respectively,
attributed to charged surface and/or interface states affecting more narrow/thinner devices essentially due
to increased surface to volume ratio.

Nanowires were functionalized with 3-aminopropyl triethoxysilane (APTES) molecules creating amino
groups on the surface reactive to pH buffer solutions. By exposing the nanowires to buffer solutions of
different pH value the conduction mechanism changed due to the surface becoming more or less negative.
Threshold voltage shifts from pH = 3 to pH = 9 were seen to scale with inverse width again attributed to
the larger surface to volume ratio for more narrow devices. Simulations confirm this behavior and further
show that a charge change of a few elementary charges on the nanowire surface can alter the conductance
significantly. Upon addition of the buffer solutions the channel is seen to be quenched for small drain
bias attributed to negative surface charges screening the electron current. However, as the drain bias is
increased the channel is restored. Computer simulations confirmed this behavior and further showed that
the restoration of the channel was due to an avalanche process.

A biomolecule detection experiment was set up using the specific binding of biotin to streptavidin. By func-
tionalizing the nanoribbon with biotin molecules the current can be logged and as streptavidin molecules
are added the current decreases (increases) if the nanoribbon is run in inversion (accumulation) mode
due to the negative charge of the streptavidin molecule, delivered upon binding to biotin. A sensitivity
significantly below the picomolar range was observed, corresponding to less than 20 streptavidin molecules
attaching to the nanoribbon surface, assuming a homogeneous binding to the biotinylated surface. By
decreasing the nanoribbon thickness the response was increased, a behavior attributed to the larger surface
to volume ratio of these devices. The response was seen to be larger in the accumulation mode whereas
close to the lower oxide in inversion mode. Computer simulations showed that this was due to the hole
current running closer to the functionalized surface in accumulation mode and opposite in inversion mode.
This was further investigated for different nanoribbon thicknesses and the response was shown to increase
with inverse nanoribbon thickness again attributed to the larger surface to volume ratio.

The nanoribbon has the advantage of simpler fabrication using standard optical lithography in comparison
with e-beam lithography and it may provide a useful scheme for a practical biomolecule sensor.
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Symbols and acronyms

χ electron affinity
εS permittivity
φM metal work function
ΦBn,ΦBp electron and hole Schottky barrier height respectively
λ wavelength
λD Debye length
µ mobility
ρ density
σ conductivity
τ mean-free time
2D two-dimensional
3D three-dimensional
AD/DA analogue-digital to digital-analogue converter
AFM atomic force microscope
Au gold
BHF buffered hydro-fluoride
C capacitance
Cox gate capacitance
CAD computer added design
CF4 carbon-tetrafluoride
Cl2 chlorine
CMOS complementary metal-oxide-semiconductor
CPU central processing unit
C – V capacitance - voltage
CVD chemical-vapour-deposition
D drain
e elementary charge
E energy
EF Fermi level energy
EG bandgap energy
e-beam electron beam
F− fluoride ion
FET field effect transistor
G gate
h+ hole carrier
H hydrogen
H2 hydrogen molecule
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h Planck’s constant
~ Planck’s constant divided by 2π
HBr hydrogen-bromine
HF hydro fluoride
I current
IDS drain-source current
ISFET ion sensitive FET
I – V current-voltage
kB Boltzmann’s constant
kBT thermal energy
L length
lB Bjerrum length
m0 electron mass
me effective electron mass
mh effective hole mass
MBE molecular-beam-epitaxy
MOCVD metal-organic chemical-vapour-deposition
MOS metal-oxide-semiconductor
MOSFET metal-oxide-semiconductor field effect transistor
n state occupation number
NA numerical aperture
NB doping density
N(EF ) density of states at Fermi level
NHF2 ammonium-flouride
NiCr nickel-chromium alloy
NW nanowire
O2 oxygen
q elementary charge
Qinv inversion (accumulation) layer charge charge
RIE reactive ion etching
S source
SB-MOSFET Schottky barrier MOSFET
SEM scanning electron microscope
Si silicon
SiGe silicon-germanium
SiH4 silane
SiN silicon-nitride
SiO2 silicon dioxide
SOI silicon on insulator (wafer)
STM scanning tunneling microscope
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t thickness
T temperature
Ti titanium
TiW titanium-tungsten alloy
UV ultra violet
v velocity
VD drain potential
VDS drain-source voltage
VG gate voltage
VGS gate-source voltage
VS source potential
VTH threshold voltage
VLS vapour-liquid-solid
VLSI very large scale integration
W tungsten
W channel width
w width
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Chapter 1

Introduction

The transistor, one of the greatest achievements in the history of man, is used in
basically all technical equipment today, from computers to airplanes. A transistor
is mainly built up from semiconductor material that can be constructed to either
conduct a current or not, i.e. in a digital behavior. The development in this field
of electronic research is mainly that of decreasing the transistor in size in order to
accommodate more transistors on a chip with a fixed size and thus increase device
density to achieve enhanced performance in e.g. the clock speed of CPU’s etc.
The most advanced production facilities in the world have now reached sub 100
nm of transistor size and the miniaturization process is still continuing according
to Moore’s law [1, 2]. The transistor is not only used in the electronics business
though. In the 70’s the Ion-Sensitive Field Effect Transistor (ISFET) was presented
as a tool to measure the potential at an electrode exerted from e.g. ions in a pH
buffer solution [3]. This could thus be used for instance to produce a pH-meter
where the output signal was electric instead of using a litmus test where the output
is a colour change. Thus, the transistor can also be used as a sensor.

As bulk material is shrunk into the nano size regime the physical properties of
the material can become quantized and a whole new range of properties come into
play [4]. The world of nanophysics is not that of atoms but of cluster of atoms.
Most of us know about the quantized behavior of single atoms explained about
100 years ago, but for a cluster of atoms the picture is not always as discrete as
for atoms nor as smeared out as for bulk materials. This intermediate property
has been investigated thoroughly in the last couple of decades in the world of
nanophysics, especially for semiconductor materials due to the miniaturization
process and its consequences. In this thesis a couple of phenomena in nanophysics
such as quantum confinement, quantized conductance and Coulomb blockade will
be overviewed, thus giving an introduction to the subject.
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Semiconducting nanowires have attained a lot of interest the last few years [5] and
there are many reasons for this. Among one is that they show promising features
as transistors in Very Large Scale Integration (VLSI) technology as dimensions
decrease, described above. A metal contacted silicon nanowire is a nanosized object
that can work in a similar way as a transistor [6], indicating that the nanowire
itself is of great importance in this field of research. Another reason is that due
to their sensitivity of the local environment with respect to charges they can be
used as biomolecule sensors [7, 8, 9], which is the main topic of this thesis. In the
beginning of this millennium a group discovered that a silicon nanowire could be
used for the same purpose as an ISFET [10]. The nanosized wire showed enhanced
sensitivity mainly due to the smaller current conducted within it. The sensitivity
was shown to increase with increased surface to volume ratio [11, 12, 13] and
extend to single viruses attaching to the nanowire surface [14] or down to atto-
molar concentration range [11]. The enhanced sensitivity and the possibility of
increased density of sensors on a chip led to a huge research interest in this area.
Furthermore the sensing of certain biomolecules could also be made in a selective
way without the use of labels, i.e. with a direct electrical response instead of with
the use of fluorescent tags. The selective property comes from that the nanowire
can be coated with a certain receptor molecule to which only a certain kind of
molecule can attach.

Nanowires are basically produced from two competing schemes: the top-down ap-
proach [15, 16, 17] and the bottom-up approach [5, 18, 19]. The first approach
starts from a wafer on which structures are defined, normally using a lithographical
method, leaving a resist pattern, to which various etching techniques are exerted.
The latter method starts on basically any substrate on which a metal seed is
added, working as a catalyst. Nanowires are then grown using gases containing
the semiconductor material in question under certain conditions. Nanowires pro-
duced using the first approach lack precision in precise dimensions but are scalable
for mass production and the latter approach is time consuming and lack integra-
tion easiness and is not scalable for mass production today. The first results on
biomolecule detection using a silicon nanowire used the latter approach [10].

This thesis is divided into seven chapters. After the introduction, chapter 2 follows
reviewing semiconductor nanowire fabrication techniques and the physical prop-
erties of nanosized materials and the application of it. Chapter 3 then describes
how the nanowires were produced in this thesis work and also introduces ways
to decrease the nanowire in size. Chapter 4 presents device characteristics of the
metal contacted nanowire device and some effects discovered during characteriza-
tion also giving a theoretical background to the device behavior. Furthermore, two
computer simulation models that have been used throughout the thesis in order to
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verify the experimentally obtained results are presented. Chapter 5 presents how
the produced nanowire device can be used for detection of either surface charge
changes or biomolecules attaching to the surface and how this effect changes with
nanowire dimension and current mode. Chapter 6 summarizes the results of the
thesis and provides a future outlook. Chapter 7 provides short introductions to
each appended paper.

1.1 Aim and goal of this thesis

To avoid confusion I hereby define:

nanowires as objects ≤ 150 nm wide, ≤ 100 nm thick and ≥ 1 µm long,

nanoribbons as objects ∼ 1 µm wide, ≤ 100 nm thick and ≥ 1 µm long.

The main goal of this thesis has been to characterize nanowires electrically, to
understand their conduction mechanisms and to produce a sensor capable of de-
tecting biomolecules attaching to the nanowire surface. By biomolecules is meant
proteins in the size of ∼ 10 nm. The goal has also been to produce these nanowires
using less complex methods. Using an e-beam lithography process the initial step
aimed at increasing the throughput by using an extra optical lithography step.
The throughput was then increased further as nanoribbons, which are wide but
thin nanowires, were shown to have the same electrical properties and thus sensing
properties as nanowires but can be produced in a 1-day process instead of more
complex methods. The goal was further to investigate the sensing properties of
these nanowires with respect to surface charge changes and ultimately to detect
biomolecules attaching to the nanowire surface. The aim has also been to simulate
experimental results, using software for computer simulation of semiconductor de-
vices, to confirm these in a more thorough way and to increase our understanding
of the device characteristics.
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Chapter 2

Silicon nanowires

2.1 Fabrication methods

There are many ways in which to produce nanosized material both using bottom-
up approaches [5, 18, 19] as well as top-down approaches [15, 16, 17]. Here, the
most common techniques will be reviewed along with the method used in this
thesis, electron beam (e-beam) and optical lithography.

2.1.1 Optical lithography

Optical lithography is the conventional method to pattern wafers in order to fabri-
cate device structures in the CMOS industry. The advantage is the high through-
put yield and the relatively small dimensions obtained. As with e-beam lithography
a resist is spun out on a wafer and is then exposed to light, normally UV, through
a mask guiding the light to certain spots. The resist is then developed and for
positive resist structures will remain in exposed areas whereas for negative resist
structures will remain in non-exposed areas. The feature size is limited by the
wavelength of the light used. State of the art photolithography systems today uses
deep UV light with a wavelength of around 200 nm, which allows features down
to ∼ 50 nm in size. This minimum feature size is given roughly by

F = k · λ

NA
, (2.1)

where F is the minimum feature size, k is a process related factor, normally around
0.5, λ is the wavelength of the light used and NA is the numerical aperture of the
lens. Development in this field using high-index liquid immersion techniques as
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well as phase contrast enhancement has shown that features down to 30 nm can
be achieved using 193 nm of wavelength.

2.1.2 Electron beam lithography

E-beam lithography is probably the most frequently used technique to produce
features of size less than 50 nm in research today [11, 15, 17, 20, 21, 22, 23]. A
focused beam of electrons is used to expose a resist layer on a semiconductor wafer
sample. The advantage of this technique is that it can easily beat the diffraction
limit of light (see section 2.1.1) to produce sub micron structures since the electron
de Broglie wavelength is less than ∼ 1 nm. The drawback is the low throughput
relying on that structure needs to be drawn using a laser stage connected to step-
motors. High throughput e-beam systems can pattern a 4” wafer in about 10 hours
emphasizing the slow throughput.

2.1.3 Growth techniques

Silicon nanowires can be grown using a so called vapour-liquid-solid (VLS) pro-
cess [5, 18, 19, 24]. In this process metal nanoparticles are deposited on a silicon
substrate and then heated above the eutectic temperature specific for the metal-
semiconductor of choice with the presence of a vapour-phase source of the semicon-
ductor, e.g. silane (SiH4) in the case of silicon. The eutectic temperature results
in an alloy of the metal and the semiconductor. With a continuous flow from the
semiconductor gas source the eutectic supersaturates and new semiconductor ma-
terial is nucleated. This occurs preferentially at a seed interface such as between
the eutectic and the growing nanowire. Fig. 2.1 shows the growth process. There
are three ways in which the semiconductor reactants can be generated: through
a chemical-vapour-deposition (CVD) process or through momentum and energy
transfer such as by laser ablation or by molecular-beam-epitaxy (MBE) from solid
materials. In the CVD-VLS method the metal works as a catalyst at which the
gaseous compound decomposes. To grow silicon nanowires the metal used is often
gold. Compound nanowires can also be grown but then metal-organic chemical
vapour deposition (MOCVD) is used instead.

The advantage of grown nanowires is that they can be produced with a very
small diameter in a very uniform way in comparison with nanowires produced
from top-down approaches (by lithography and etching) [19, 25]. Furthermore, a
growing nanowire can contact a silicon surface if grown towards it [26]. During the
growth of the nanowires there are two exposed surfaces: the liquid/solid interface
between the eutectic and the nanowire and the gas/solid interface between the
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compound gas and the already grown nanowire. The first interface contributes in
the axial growth of the nanowire and the latter in thickening in the radial direction.
These two can be controlled in an experiment by control of pressure, flow rate,
temperature, reactant species and background gases.

Figure 2.1: CVD nanowire growth technique, using the vapour-liquid-solid process.

2.1.4 AFM/STM lithography

With the increasing technical achievements within AFM/STM technology one can
nowadays manipulate single atoms to produce basically whatever structure de-
sired. This however is a very slow process and is not scalable for mass production.
Another way is depositing a resist layer on top of the substrate on which a pattern
should be formed [27, 28]. The microscope is then run in tapping-mode where the
cantilever oscillates up and down at a specific frequency. Piezo electric actuators
can then control the tip height above the resist. A voltage pulse is then sent to
the tip making it hit the resist and thus create a hole. In this way lithographical
patterns are created with high precision. In an alternative resistless process, the
wafer could be hydrogen treated following an HF-dip. Using a STM, the hydro-
gen can be removed inducing local oxidation which then provides a pattern for
subsequent processing. This process, however, is also to slow for mass fabrication.

2.1.5 Nano imprint lithography

Basically this technique uses a stamp, specifically fabricated for the desired pattern
[29]. The stamp is then pressed into a resist layer and a pattern is created. This
is then followed by conventional etching techniques.
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2.1.6 Spacer technology

MOSFETs with a gate length down to 10 nm have been produced with I-line
lithography and a spacer gate technology with superior critical dimension variation
compared to e-beam lithography [16]. The spacer gate technology starts from an
initial layer stack of Si, SiO2, poly-Si, oxide hard mask, and sacrificial SiGe layer.
The top SiGe layer is then patterned by optical lithography and etched followed
by SiN deposition. The thickness of the SiN layer determines the final gate length.
The SiN is then etched anisotropically to form rectangular spacer rings. The SiGe
sacrificial layer is then removed through selective wet etching. By an additional
resist mask gate pads are defined followed by selective resist and SiN removal and
conventional poly-Si gate etching with oxide hard mask. Thus in this technique,
effectively a layer thickness which can be controlled by a few nm precision is used
to define very small lateral dimensions. See [16] for fabrication schematic.

2.2 Physical properties

As dimensions are decreased the physical properties of a semiconductor are changed
from that of bulk material. Below are a few examples of physical properties that
change when dimensions are decreased. Some of these properties can be used in
various applications and some simply need to be taken into account as one moves
into the nano regime.

2.2.1 Band gap

As bulk silicon is reduced to nano dimensions the band gap changes [4] according
to

EG = Ebulk
G +

π2~2

2m0

(
n2

x

L2
x

+
n2

y

L2
y

+
n2

z

L2
z

)(
1

me
+

1
mh

)
, (2.2)

where EG is the calculated band gap, Ebulk
G is the band gap of bulk silicon, mh, me

are the hole and electron masses, nx, ny, nz are the state occupation numbers and
Lx, Ly, Lz are the lengths for the x, y and z directions respectively. This formula
represents an effective mass approximation solving the Schrödinger equation in
three dimensions. As can be seen in the formula the effect increases the more
dimensions are decreased. This effect can be used for instance in photonics to
tune the band gap for various applications. For nanowires this effect becomes
prominent as dimensions reaches sub 5 nm and is therefore of no concern in this
work.
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2.2.2 Coulomb blockade

The energy of an electron in a silicon nano crystal embedded in silicon dioxide is

E =
q2

2C
, (2.3)

where q is the elementary charge and C is the capacitance of the nano crystal
with respect to its surrounding. For a 5 nm silicon nano crystal embedded in
silicon dioxide this energy is ≈ 74 meV [30]. This is larger than the thermal
energy kBT ≈ 26 meV at room temperature (300 K). Hence, thermal energy is
not enough to add another electron into the nano crystal, a regime called Coulomb
blockade. This can be used in memory applications [30, 31, 32] where a single
electron can change the threshold voltage of a memory device. This effect must
also be taken into account in FET’s as dimensions are decreased [33]. An example
of such a memory device is depicted in fig. 2.21.

Figure 2.2: (a) Cross section schematic of single electron memory. Band diagram during
injection (b), storage (c) and removal (d) of an electron from a nano crystal [30].

The tunnel oxide separates the nano crystals embedded in the silicon dioxide from
the FET device. Injection of electrons occurs from the inversion layer through
tunneling when the gate is forward biased with respect to the source and drain.
The charge stored in the nano crystal screens the gate through Coulomb blockade
and reduces the conduction and thus shifts the threshold voltage. Fig. 2.2 (b) -
(d) shows the band diagram during write, store and erase operations, respectively.

1Reused with permission from Sandip Tiwari, Applied Physics Letters, 68, 1377 (1996).
Copyright 1996, American Institute of Physics.
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2.2.3 Debye screening

The Debye length is a limit under which electrostatic charges can interact. Thus,
above this limit charges screen each other. The Debye length of a semiconductor
is calculated [34] through

λD =

√
εskBT

q2NB
, (2.4)

where εs is the permittivity of the semiconductor and NB is the doping density.
Choosing parameters used in this work we get, for silicon with a doping density
of 1016 cm−3 at room temperature, a Debye length of about λD = 40 nm (paper
V). Hence, charges on the surface of a nanowire can interact with the conducting
species in the current inside the nanowire up to a distance of about 40 nm.

Figure 2.3: Debye length in bio experiment.

The Debye length is not only important in the semiconductor but also in the liquid
in bio-sensor experiments. The charged solution based molecules will be screened
by dissolved solution counter ions, e.g. positively charged bio molecules will be
surrounded by negatively charged ions due to electrostatic interactions. This is
the reason why the salt concentrations must be kept at a low level in order not to
destroy the bio experiments. Fig. 2.3 shows a schematic of a binding event of a
Streptavidin molecule to a biotin coated nanowire surface where the Debye length
is shown.

The Debye length in an ionic liquid can be calculated [11] through

λD =
1√

4πlB
∑

i

ρiz
2
i

, (2.5)

where lB is the Bjerrum length = 0.7 nm,
∑

i is the sum over all ion species, and ρi

and zi are the density and valence, respectively of ion species i. As bio molecules
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attach to the nanowire surface on a distance > 1 nm from the nanowire surface
careful attention must be taken to this effect. In a typical experiment the Debye
length can be calculated to ∼ 2.3 nm (paper V).

2.2.4 Quantized conductance

In 1988 the quantized conductance was experimentally observed by two indepen-
dent research groups [35, 36]. Figure 2.42 below shows the step-like conductance
curve from one of these experiments where the conductance increases by 2e2/h in
a quantized manner.

Figure 2.4: Quantized conductance vs. gate voltage [35]. The conductance is seen to
increase with integer values of 2e2

h .

This effect has now also been shown for silicon nanowires [37, 38, 39, 40, 41, 42, 43].
The most easy drude model explaining this behavior [44] in a wire of length L starts
with the conductivity of a simple metal under the electric field U

σ =
e2N(EF )τ

m∗ , (2.6)

where N(EF ) is the density of states at the Fermi level, m∗ the effective mass
and τ the mean free time between scattering processes under which the electrons
are assumed to move freely without scattering. The electric field is assumed to
be constant in the wire and the drift velocity is obtained classically from the
equations of motion of a particle being accelerated in the electric field under the
time τ . According to Ohm’s law the current in the wire then is

2Reprinted figure with permission from [35]. Copyright 1988 by the American Physical
Society.
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I = σU. (2.7)

The mean free time is then given by τ = L/vF , where vF is the drift velocity.
From the equations of motion we get τ = L(m∗/2EF )1/2. Using the electron
density of states n(E) = (m∗/2EF )1/2/π~ and the fact that the electron density
is N(E) =

∫ E
−∞ n(E′)dE′, the product of the density of states and the mean free

time is Nτ = m∗L/π~ and thus the conductivity becomes σ = 2e2L/h. For the
one-dimensional conductance we get Γ = σ/L = 2e2/h. This is for one subband
and for j subbands we get

Γ =
2e2

h
j. (j integer) (2.8)

Thus, the current and conductance increases in a step-wise manner as more sub-
bands contribute when the potential is increased. This is a rough model of the
physics in the wire. To fully explain the true nature of the quantized conduc-
tance one must take into account adiabatic constrictions, disorder through mixing
between the subbands, electron-phonon interactions and electron-electron interac-
tions.

2.2.5 The ubiquitous mobility

The mobility of the silicon nanowire can be measured in the same way as for a
FET [45, 46, 47]. The drain current, ID, in a FET is given by

ID = µ(W/L)QinvVD, (2.9)

where µ is the mobility, (W/L) is the channel width divided by the channel length,
Qinv is the inversion (accumulation) layer charge and VD is the drain bias. Various
mobility measurements have been done showing mobilities in a large range from
that of intrinsic silicon ∼ 1 · 103 to ∼ 1 · 10−3 cm2(Vs)−1 but also enhanced
mobilities above the bulk value.

To estimate the mobility from electrical characteristics the charge and the width
to length ratio must be measured/calculated where the uncertainty in length and
width increases with decreasing dimensions. The charge can be estimated for large
gate voltages above the threshold voltage and it approaches

Qinv → Cox(VGS − VTH), (2.10)

where Cox, Vgs and VTH is the gate capacitance, gate voltage and threshold voltage
respectively. Here, the gate capacitance needs to be measured/calculated. The
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capacitance can be measured using capacitance - voltage (C – V) measurements.
The explanations to the measured decrease in the mobility in silicon nanowires
are many. Some argue that there is a contribution of carrier conduction in the
back surface or increase of lattice defects in thinner silicon films [46]. Other argue
that high electric fields and anisotropically etched silicon (111) planes has a lower
mobility [11]. Enhanced scattering due to smaller dimensions has also been argued
for [48]. There are also several explanations to the increased mobility. Some
attribute it to strain in the silicon nanowire after oxidation processes [49]. Others
to improved structural perfection and cylindrical morphology and charged surface
states [50].

Other experiments using the Hall effect, Time-of-flight or Drift mobility techniques
can be used but has so far, to the authors knowledge, not been performed. The
attempts to estimate the mobility are many and can be found in many papers from
various research groups, explaining the use of the word ”ubiquitous”, meaning
everywhere present. This is still an interesting area for future studies.

2.3 Applications

The current downscaling trend in CMOS technology has by far reached sub 100
nm in size. Since early January 2007 INTEL launched a 45 nm CPU increasing
the density by 100 % from the previous 65 nm technology. This development
will continue but as the transistors are getting smaller effects described above will
come into play. However, these effects are not all deteriorating but can be used
to produce devices as we have seen previously. Below are some examples of what
kind of devices can be realized from semiconducting nanowires.

2.3.1 Nano electronics

Solar cells

One of the most highlighted questions today is the climate and man’s effect on
it. Recent reports [51] have shown that silicon nanowires can be used as solar
cells from a p-i-n coaxial device. As silicon is a low cost material well known to
the semiconductor industry perhaps this device can be one of the solutions to the
energy problems and the increasing green house effect as carbon dioxide exhaustion
from solar cells is negligible. Ordinary solar cells produced today from silicon have
not yet reached the nano size regime but might do so with the nanowire approach.
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FET and interconnects

It has been shown that silicon nanowires produced from silicon on insulator ma-
terial can work in a similar way as a MOSFET [2, 5, 50, 52] indicating that the
nanowire might have a future as a device with higher density, faster computing
and consuming less power [6, 53, 54, 55]. Nanowires will also come into play as
interconnects between these MOSFET devices. However, as devices reach the sub-
100 nm regime Coulomb blockade, quantized conductance, Debye screening and
effects of quantum confinement induced band gap increase will come into play and
the devices need to be isolated in a rigorous way not to be affected by these effects.

Spintronics

Spin transport in nanowires is subject to a lot of research at the moment [56].
Spintronics deals with the problem of manipulating the up and down spin of elec-
trons. Magnetic fields can alter the spin and this in turn the conductance in a
nanowire in a quantized way which can be used in memory applications, etc. This
is a promising field for future down-scaling.

2.3.2 Bio applications

A research area that has exploded the last couple of years is the use of semicon-
ducting nanowires as biosensors [7, 8, 9, 10, 11, 14, 23, 57, 58, 59, 60, 61, 62, 63, 64,
65, 66, 67, 68]. Charged molecules attaching to the surface of the silicon nanowire
can alter the conduction within it. The schematic below shows the principle of the
nanowire biosensor where the current is changed, I → I + ∆I, due to attaching
charged molecules.

Figure 2.5: Schematic showing the principle of the nanowire bio sensor. The surface is
coated with receptor molecules (yellow). As charged molecules (green) attaches to the
receptor molecules the current is changed.
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The first report on silicon nanowire biosensors used nanowires grown with the
vapour-liquid-solid method [10], see section 2.1.3. The devices were then deposited
on an oxidized silicon substrate and e-beam lithography was used to contact the
nanowires. Fig. 2.6 (a)3 shows grown nanowires and (b)4 a contacted nanowire
which may be used as a biosensor device.

(a) (b)

Figure 2.6: (a) SEM image of silicon nanowire bundle [18]. (b) Shows the contacted
nanowire on substrate [10].

The results from this approach showed promising outcome. First a surface modified
nanowire could work as a pH sensor due to the pH changing the surface charges
and thus the conducting properties. Second it was shown that the nanowire could
sense a certain molecule attaching to receptor molecules on the surface in a label
free way. The figures below4 show examples of such results.

(a) (b)

Figure 2.7: (a) Real-time detection of the conductance for an APTES modified SiNW for
pHs from 2 to 9. (b) Plot of conductance versus time for a biotin-modified SiNW, where
region 1 corresponds to buffer solution, region 2 corresponds to the addition of; 3 mM
m-antibiotin (460 mg/ml), and region 3 corresponds to flow of pure buffer solution [10].

3Reproduced with permission from [18]. Copyright Wiley-VCH Verlag GmbH & Co.
KGaA.

4Fig. 2.6 (b) and fig. 2.7 reproduced with permission from [10]. Copyright 2005 by the
American Association for the Advancement of Science.
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The bottom-up fabrication process, such as in the VLS process, is time consum-
ing due to complex integration of the grown nanowires into electronic circuits.
Complex integration schemes must be used in order to align and contact single
nanowires [69, 70, 71]. Using a top-down approach to define nanowires and con-
tact pads using e-beam and optical lithography to create metal contacts is more
advantageous. This process decreases the fabrication time and is more scalable
for mass production as lithography is a common technique in the CMOS industry.
Recent reports also show that this approach may be even more sensitive [11].

The advantages with the silicon nanowire as a biosensor are many:

• Silicon is a cheap material well known to the semiconductor industry.

• The direct sensing enables the result to be read directly from the current
change on an ampere meter.

• Label-free sensing, where a direct electrical signal give digital information
of present molecules in a solution instead of using fluorescent markers.

• By coating the nanowire with a certain receptor molecule that can only bind
to a certain target molecule, the conduction of the nanowire is only altered
if the specific target molecule attaches to it. This makes the sensor selective.

• Reports show [11] that detection can extend down to the atto molar range
of solution concentration or to single viruses indicating that the nanowire
biosensor is highly sensitive. Later on we will show that a few elementary
charges can alter the conductance significantly.

Specific functionalization of a receptor molecule has recently been shown for silicon
nanowires [72] and this, together with the above specifics gives a biosensor that
probably can reach the market in a few years time.
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Chapter 3

Device fabrication

3.1 Material

In this work, silicon on insulator (SOI) wafers (Soitec) was used, with an initial
top silicon layer (ρ ∼ 14-22 Ωcm) of 340 nm and a buried oxide layer of 400 nm.
The top silicon layer was then thinned down to 105, 70 or 50 nm of thickness using
dry oxidation at 900o C, followed by dissolution of the oxide in a wet HF-etch.

3.2 Fabrication process

To produce nanosized structures e-beam lithography was used drawing lines to
expose areas of an e-beam resist. Below is a CAD drawing showing how the
structure is defined by the e-beam system.

Figure 3.1: Structure of a nanowire with contact pads as drawn by the Raith CAD pro-
gram.

Negative or positive e-beam resist can be used where the exposed area leaves a
resist pattern or a hole pattern respectively. In this work a ZEP 520A positive
resist diluted 1:2 with Anisole was used creating structures down to ∼ 30 nm in
size. Structures where drawn using a single pixel line mode and contact pads
using an area dose mode. Fig. 3.1 shows the CAD structure of a typical nanowire
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as drawn in the Raith 150 e-beam program. As can be seen there is an overlap
between the contact pads and the single pixel line producing the nanowires. This
is to assure the nanowire being in contact with the pads. This however creates
a proximity effect at the connection. The proximity effect is an overexposure of
resist due to overspill of electrons from adjacent exposures. This results in a not
so sharp transition from the pads to the nanowire. The ”true” nanowire length
is thus decreased but as the length (in this thesis) is normally around 1 µm this
effect is negligible.

(a) (b)

(c)

Figure 3.2: (a) - (b) SEM images of silicon nanowires of different width. (c) Shows a
nanowire, ∼ 150 nm of width, with contact pads. From paper II.

In this work three different routes have been used in order to produce nanowires.
First nanowires and contact pads were produced using e-beam lithography in a
single step. The process was then developed for higher throughput using optical
lithography to produce the contact pads. E-beam was only used to produce a
small portion ∼ 10 µm of the contact pads thereafter an optical lithography step
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created contact pads ∼ 100× 150 µm2 in size. The third method used ultra thin
silicon on insulator (SOI) material and optical lithography to define nanowires ∼
1 µm of width and ∼ 50 nm of height something we will refer to as nanoribbons.

In fig. 3.2 we can see two SEM images of nanowires produced using e-beam
lithography. Included is also a larger area image showing the contact pads as
drawn using e-beam lithography. For cross-section schematics see fig. 3.3.

In this work optical lithography was used to produce silicon contact pads connect-
ing to the e-beam defined contact pads and to produce Schottky contacts (Au -
TiW) connecting to the silicon contact pads. Below are images of the Si contacts
connecting to the interior silicon nanowire structure (a) and the chip with gold
contacts connecting to the silicon contact pads (b).

(a) (b)

Figure 3.3: (a) Silicon nanowire in connection with silicon contact pads and gold contacts
connecting to the silicon contact pads produced from optical lithography. (b) Device chip
showing gold contact pads to the right and gold leads connecting to the interior nanowire
structure to the left. From paper II.

After e-beam and optical lithography follows metal deposition and lift-off and then
reactive ion etching (RIE). RIE was performed on an Applied Materials Precision
5000 Mark II machine with HBr, Cl2 and O2/CF4 gases using SiO2 as a mask.
For biomolecule detection the nanowire is oxidized in a dry oxidation process at
900o for 10 min. creating a ∼ 5 nm SiO2 layer to protect the silicon layer from
shortcuts.
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Fig. 3.4 show step-by-step schematics for the e-beam process and optical lithog-
raphy process sequences.

(a) (b)

Figure 3.4: (a) E-beam process. The initial SOI wafer is oxidized creating a 20 nm SiO2

layer. A resist is spun on the wafer and e-beam lithography creates holes where exposed
when resist is developed. After that metalization is performed adding a 15 nm NiCr layer
followed by lift off. The SiO2 is wet etched and the NiCr is removed after which RIE
transforms the pattern to the Si layer. (b) Optical lithography process. A resist layer is
spun on the wafer followed by optical lithography creating openings in the resist. TiW/Au
contacts are then created followed by a lift off process.
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The scheme for the optical lithography
process is

• deposition of ∼ 1 µm positive resist
(700:1.2) at 7600 rpm

• optical lithography using a Karl
Suss manual mask aligner creating
openings in the resist

• development of resist in CD-26 for
30 s

• wet etching (BHF:NHF2 diluted 1:1
for 20 s) removing native SiO2

• metal deposition (∼ 50 nm TiW and
∼ 200 nm Au)

• lift off in acetone ultra sound bath
for 10 min.

The scheme for the e-beam lithography
process is

• 30 min. 900o dry oxidation creating
a 20 nm SiO2 layer as a mask for
RIE

• deposition of ∼ 120 nm positive re-
sist (ZEP 520A:Anisole diluted 1:2)
spun at 2600 rpm

• e-beam lithography creating open-
ings in the resist

• development of resist in p-Xylol for
1 min.

• O2 plasma etching (20 sccm O2, 30
s, 100 mTorr, 10 W) to etch away
remnants of resist in the openings

• metal deposition (∼ 15 nm NiCr)

• lift off in acetone ultra sound bath
for 10 min.

• wet etch (BHF:NHF2 diluted 1:1)
transferring metal mask to SiO2

layer

• metal removal in a Cr wet-etch (am-
monium cerium (IV) nitrate) 5 min.

• reactive ion etching (10 sccm Cl2,
30 sccm HBr, 10 sccm He-O2, 200
W RF power, 125 mTorr)

• optional oxidation 15 min. 900o

dry oxidation to create a protective
SiO2 layer in biodetection experi-
ments

3.3 Electrochemical size reduction

Using a HF solution combined with light and an electric field, silicon can be etched
and this can be used e.g. to reduce the silicon nanowire size. The process is called
electrochemical etching and the practice of it for silicon was discovered in the
50’s [73, 74]. Electrochemical etching can be performed in two regimes: in the
electropolishing regime and in the pore formation regime [75]. In the first mode
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the silicon dissolution begins with formation of an anodic oxide which is then
dissolved by the fluoride ions. In the latter mode the silicon is directly dissolved
by the fluoride ions. See [76] for more on this.

Figure 3.5: Top SEM views of nanowires before (a) and after etching (b-d). Figure (d)
shows a 45 degree tilt view of a nanowire which has been etched free-hanging. Figures (e)
and (f) show that an initially rough nanowire (e) can be both size reduced and smoothed (f)
using a slightly electropolishing etching condition. Figure (g) shows that two sides of the
nanowire can be subject to different etching conditions, with the left side (A) be porously
etched and the right side (C) being etched in the ”macropore” formation regime (with the
square pores, however, being of sub-100 nm width). The inset shows the nanowire (B) in
detail. From paper I.

Fluoride ions react with silicon at the HF/Si interface to electrochemically dissolve
the surface layer and thus generate a dissolution current. The governing parameter
for tuning the reaction to etch random pores, to etch ordered pores or to smoothen
the surface is the surface hole concentration in relation to the fluoride ion concen-
tration of the etching solution. Photogeneration by illumination is needed to create
extra carriers required to tune the etching reaction due to the depleted low-doped
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thin silicon layer. Fig. 3.5 shows electrochemically etched silicon nanowires as
presented in paper I.

Electrochemical size reduction can thus be used to decrease the nanowire size.
Furthermore, by in situ electrical or optical methods the size reduction can be
tuned to stop at a given size. If the current run through the nanowire is logged
during etching it will decrease as dimension decrease. This gives the possibility
of varying the nanowire size. Also, the top silicon layer is reduced during etching
and this will change the optical interference properties leading to a color change.
Fig. 3.6 from paper I shows both the conduction decrease and the color change
during etching.

Figure 3.6: Optical microscope images (a-e) of a nanowire before and at different time
steps of the etching, with the plot indicating the conductance at each specific time. The
nanowire was initially of 200 nm width and was found to be of 40 nm width in step (e),
where the etching was stopped. A similar nanowire was subsequently etched until it was
non-continuous, and its optical microscope image is found in figure (f). From paper I.

3.4 Oxidation

Silicon can be oxidized in a wet or dry oxidation process and can thus be used
to decrease the nanowire size [17, 21] by dissolving the oxide using a HF wet
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etching process. Here, oxidation has only been used to either decrease the ini-
tial silicon layer on the SOI wafer or to create a thin protective layer on the
nanowire/nanoribbon surface as described above.

Decreasing the nanowire size does not mean however that the density of nanowires
on a chip is increased. This density is set by the predefined lithography and can
thus not be changed during the size reduction process.
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Chapter 4

Device characterisation

4.1 Electrical characterisation

It is a well known fact that silicon on insulator material can be used to produce field
effect transistors [6, 50, 52]. The top silicon layer can work as a channel, separated
by an insulating buried silicon dioxide layer from the backside, working as a back
gate. Fig. 4.1 shows the device in cross section under electrical characterization.

Figure 4.1: Device schematics. Voltage can be applied at the drain source and back gate.

4.1.1 I – V characteristics

In the measurement setup a Keithley picoammeter 6485 was used to sweep the
drain source current. An AD/DA card was then used to set the gate voltage. Fig.
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4.2 (a) - (b) shows typical IDS vs. VDS characteristics under such a sweep where
the back gate voltage, VGS , is swept from −40 to +10 V.

(a) (b)

(c)

Figure 4.2: (a) Inversion mode IDS vs. VDS for different back gate voltages VGS = 0, . . . , 10
V with a stepsize of 1 V. (b) Accumulation mode IDS vs. VDS for different back gate
voltages VGS = 0, . . . ,−40 V with a stepsize of 5 V. (c) IDS vs. VGS for a nanoribbon of
45 nm thickness and of 1 µm width. The device shows ambipolar behavior. From paper
V and VI.

The device characteristics show MOSFET behavior where the conduction mech-
anism is through electrons in an inversion current layer for positive back gate
voltages and through holes for negative back gate voltages. Sweeping the back
gate from −50 to +50 V the IDS − VGS characteristics can be obtained. Fig. 4.2
(c) shows the IDS vs. VGS characteristics for a nanoribbon, of 45 nm thickness, 1
µm wide. As can be seen the device shows so called ambipolar behavior i.e. that
the device can be operated both in accumulation where holes provide transporting
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current as well as in inversion where electrons provide the transporting current.
Thus, the behavior is similar to a Schottky Barrier MOSFET (SB-MOSFET)
[52, 77, 78]. The band diagram for this device is shown schematically in fig. 4.3.

Figure 4.3: Band diagram for the device under different bias conditions. Starting from
the top at VGS > 0 and VDS = 0 no current flows in the channel. As positive gate bias
is applied, the current starts to flow due to tunneling through the Schottky barrier, ΦBn.
The device works in an opposite way in accumulation mode. Here a negative gate bias
reduces the barrier thickness, ΦBp, such that holes can tunnel through it and a current
can start to flow. After Vogel [52].

A Schottky barrier occurs when a metal is deposited on low doped silicon as is the
case here [77, 79, 80, 81]. At high gate voltage, both positive and negative, the
electrons or holes can tunnel through these barriers as shown in the banddiagram
schematics. The device is then turned to an ”on state”. For positive gate voltage
the barrier thickness decreases and electrons are injected so that an inversion
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current layer is created and the device is turned on with electron conduction. For
negative gate voltage the device is turned on when the barrier width becomes thin
enough such that holes can tunnel through and a hole current can start to flow.

The Schottky barrier heights can be calculated to ΦBn = ΦM − χ and ΦBp =
EG − ΦBn for the inversion and accumulation mode respectively [34]. Φm is the
metal work function and χ is the electron affinity of Si and EG is the bandgap
of silicon, EG ≈ 1.12 eV. For an alloy of Ti/W (20/80 %) on low doped silicon
without heat treatment the work function has been measured to ΦM ≈ 4.7 and
we thus get that ΦBn ≈ 0.65 eV and ΦBp ≈ 0.47 eV. It is an intricate problem
to approximate and fully understand the Schottky barrier height of the specific
device [82, 83, 84, 85] and this has not been investigated in this thesis.

Thus, with the above values the device should more easily conduct in accumulation
mode. However, this is not the case as fig. 4.2 (c) shows. To turn on the device
in accumulation mode a back gate voltage of ∼ −30 V needs to be applied. This
shows that the current is suppressed in this mode. This is either due to the
Schottky barriers being of different heights for accumulation and inversion mode
or to charged surface or interface states. It is a well known fact that there is an
interface charge between the silicon/silicon dioxide layer and it is reported to be
on the order of +1 · 1011 cm−2 [86] and this positive charge will thus suppress
the hole conduction. The interface charge is usually attributed to fixed oxide
charges, frozen in during oxidation. Also, interface states between the metal and
the silicon may affect the Schottky barrier heights [87]. Furthermore, there is a
range of reported values of χ and ΦM [52, 88, 89, 90, 91].

As can be seen from fig 4.2 the device reaches saturation in inversion mode but
does not reach saturation in accumulation mode. Two explanations are applicable
in inversion mode: Schottky barrier width and/or pinch-off. The Schottky barrier
width at the drain side increases as VD increases. This means that as VD increases
the voltage drop appears mostly across the laterally expanding Schottky barrier on
the drain side (see schematics). The voltage drop on the channel remains constant
and equal to the saturation drain voltage. The device behaves as an enhancement
FET with saturating current. Saturation occurs for a low drain-source voltage
as fig. 4.2 (a) shows. Recent studies on the SB-MOSFET show that the effective
Schottky barrier is dependent on the oxide layer thickness separating the gate from
the channel [77, 78, 81]. Therefore, with an oxide thickness of 400 nm, the channel
can be pinched-off for a relatively low drain source voltage, VDS < VGS − VTH .
In accumulation mode the width of the Schottky barrier decreases with increasing
VD. When the barrier is small enough for tunneling to occur the increased voltage
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drop occurs mainly on the channel. The holes are more abundant from the boron-
doped silicon compared to the electron concentration in inversion mode resulting
in an increasing current without saturation.

4.1.2 Threshold voltage

The IDS −VGS characteristics can be obtained from the IDS −VDS characteristics
[34] taken at different VGS back gate bias and fig. 4.4 shows this at VDS = 0.74 V
for nanowires, 100 nm of thickness and of various widths.

Figure 4.4: IDS vs. VGS for nanowires of different width but same thickness, 100 nm.
From paper II.

As can be seen, the threshold voltage is different for different widths. The reason
for this is surface charges affecting the conduction mechanism acting as a top gate.
It has been shown that nanowires can be very sensitive to charges residing on the
nanowire surface. Surface charges can in a similar way be created in the fabrication
process. If so they will have an impact on the threshold voltage of the device. The
more narrow the wire is, the larger the impact from the surface charges on the
side walls on the conducting current will be, and therefore the threshold voltage
is increasing for smaller wires.

The threshold voltage can be extrapolated from the IDS −VGS characteristics and
if the threshold voltage is plotted versus nanowire width a trend where threshold
voltage scales with inverse width is seen as fig. 4.5 shows. This is a geometric effect
where the electrostatic interaction from the charges on the side walls decreases
approximately with inverse width. As can be seen nanowires of width > 150
nm seem to be unaffected by the surface charges and have more or less the same
threshold voltage as a microwire of 1,000 nm width included in the same plot. This
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sets an upper limit on the width of a nanowire device to be used in biomolecule
detection experiments.

Figure 4.5: Threshold voltage as extrapolated from the IDS − VGS characteristics of each
device vs. nanowire width. The error bar is due to the extrapolation uncertainty. From
paper II.

4.2 Simulations

To explain experimental results computer simulations can be fruitful. In this work
a semiconductor simulation package tool, ISE-TCAD [92], was used to investigate
physical properties such as the electrical behavior with respect to the observed
quenching effect, the impact from surface charges on the device and size depen-
dence. Previous simulations/calculations has altered the mobility and interface
charges in an arbitrary way or assumed a homogeneous electron density or a con-
stant interface charge around the nanowire [12, 13, 58]. Using this tool the electron
density, electric field etc. can be studied in the as constructed model, changing the
applied voltages and surface charges. Note, however, that the model does not take
into account screening by a liquid at the surface. Thus, the actual charge density
in a biomolecule detection experiment may be quite different from those used in
the simulations. Here a two dimensional simulation has been used to simulate
a cross section along the nanowire or perpendicularly to the nanowire. Fig. 4.6
shows the two simulation geometries used in this work.

For the cross section along the nanowire, fig. 4.6 (a), a charge density can be
applied between all interfaces. A top ”plate” is created on top of the top silicon
layer to create an interface 1 µm long to simulate the impact from surface charges
on top of the nanowire. In this model the thickness of the top silicon layer can
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be varied. Voltages can be applied on the drain (D), source (S) and back gate
(G) contacts. For the cross section perpendicular to the nanowire, fig. 4.6 (b), a
charge density can be set on all four boundary surfaces. The thickness and the
width can be varied to investigate size dependence.

(a) (b)

Figure 4.6: (a) Schematic for the simulation model for cross section along the device. (b)
Schematic for the simulation model in a cross section perpendicular to the nanowire. From
paper I and III.

The simulation program solves Poisson’s equation using the finite element method
for different models, such as impact ionization, drift and diffusion etc. for both
holes and electrons. The simulation can be stopped at any given state and the
electron density, electric field etc. can be plotted.

4.3 Avalanche effect

For more narrow nanowires a quenching of the current have been found in the
IDS−VDS characteristics. Fig. 4.7 (a) - (b) shows this quenching effect at low drain
source bias. The suppressed current is believed to be due to surface charges in the
as-fabricated nanowire structure, depleting the channel from inversion electrons.
This is a behavior that has been seen before1 but was not explained. The reason
that the current is turned on for higher bias is due to an avalanche effect, shown
by simulations.

4.3.1 Avalanche process

Carriers in a semiconductor that gain enough kinetic energy due to a high enough
electric field can generate electron-hole pairs by an avalanche process. This process

1See supporting information in [11].
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is also referred to as impact ionization. To reach a high enough field a voltage needs
to be applied called a breakdown voltage. For silicon of resistivity around 10 Ωcm
this field is ∼ 105 V.

(a) (b)

(c)

Figure 4.7: (a) IDS vs. VDS for VGS = 0, . . . , 10 V, stepsize = 0.25 V, for a nanowire of
thickness 100 nm and width 50 nm. From paper II. (b) IDS vs. VDS for VGS = 0, . . . , 10
V, stepsize = 1 V, for nanoribbon of thickness 45 nm and width 1 µm. For small drain
source bias a quenching of the channel is seen. (c) Band diagram showing the avalanche
effect.

Fig. 4.7 (c) shows the energy band diagram for this process. Studying the electron
designated number 1 we see that if the electric field is high enough it can gain
kinetic energy and with this energy collide with the lattice and ionize an electron
from the valence band to the conduction band and thereby generate an electron-

32



hole pair, number 2 and 2’. Now this electron-hole pair accelerates in the field
and collides with the lattice indicated in the figure and they in turn also generates
electron-hole pairs number 3 and 3’, 4 and 4’. And so on. In section 4.3.2 this
effect will be shown to be the reason for the channel being restored from being
quenched as seen in fig. 4.7 (a) - (b).

4.3.2 Simulation of avalanche effect

As we saw earlier, the channel of both the nanowire and the nanoribbon could be
quenched for small device dimensions. However, at a higher drain source voltage
the channel is restored. To investigate this, a 2D simulation model was created
as seen in fig. 4.6 (a). In this simulation, an interface charge density of +1 · 1011

cm−2 was added between the silicon/silicon dioxide interfaces. An interface charge
of −1.5 · 1011 cm−2 was then added to the modifiable interface.

This simulation does not fully mimic the true situation for the nanowires. In reality
charges from the side walls are affecting the conduction mechanism. Here charges
act only from the top side, see fig. 4.9. To fully explore the effect from the side
wall charges a 3D simulation would be required. For the nanowire, charges screen
the current from the two side walls and should thus give a larger quenching effect
as fig. 4.7 (a) - (b) shows. However, the simulation gives here only a qualitative
picture of the surface charge effect.

Figure 4.8: Simulated IDS −VDS characteristics for a cross section along the nanowire for
zero interface charge and an interface charge of −1.5 · 1011 cm−2. From paper III.

The IDS − VDS characteristics was then simulated for this device, with interface
charge and without interface charge. Fig. 4.8 shows the simulation results. The
device works in inversion mode and thus electrons are the conducting species and

33



hence a negative charge can thus screen the electrons and quench the channel. But
as the electric field increases due to a higher drain source voltage the channel is
restored. It can also be seen that as the current is turned on the curvature of the
drain source current is shifted as was seen experimentally. The interface charge is
chosen such that an effect is present but is quite arbitrary. No quantitative results
can be obtained from this simulation.

To study the effect more closely, the electron density was plotted for different
situations in the simulation. Fig. 4.9 shows the electron density in the channel
under various conditions. In (a) the channel electron density is uniform and the
device is in on-state. The positive interface charge between the silicon/silicon
dioxide interface enhances the current. In (b) a negative charge is added in the
modifiable interface and the channel is quenched as can be seen in the electron
density below the interface. However, in (c) - (d) the channel is restored, due to
a higher electric field as the drain voltage applied increases, but in a non-uniform
way.

Figure 4.9: Electron density in the channel under various conditions. (a) No surface charge,
VDS = 0.75 V. (b) An interface charge of −1.5 × 1011 cm−2 is added at the modifiable
interface, VDS = 0.75 V. (c) - (d) Same condition as in (b) but the drain source voltage is
increased to 1.25 V and 3.0 V. From paper III.

To further explore this situation, the electric field is studied under the same con-
ditions as in fig. 4.9 (d) shown in fig. 4.10 (a). As can be seen the electric field
is close to that of the breakdown magnitude in silicon at the ”hot spot” (electric
field maximum) in the channel. If the electric field is calculated for different drain
voltages under the same conditions as in 4.9 (d) at the ”hot spot” this can be
plotted vs. drain source voltage as in fig. 4.10 (b).

This shows that the restoration of the channel is due to an avalanche effect because
of the electric field reaching that of breakdown magnitude in the silicon layer
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∼ 2 · 105 V/cm. The same argument applies to the quenched nanoribbon in fig.
4.7 (b).

(a) (b)

Figure 4.10: (a) Electric field in the channel under bias as in fig. 4.9 (d). (b) Electric field
vs. VDS under the same conditions as in 4.9 (d). The fitted curve shows that the electric
field saturates at the breakdown magnitude. From paper III.

4.4 Size dependence

As we have seen above, dimensions play a great role for the electrical behavior of
these devices. The conductance dependence from surface charges has been modeled
also for a perpendicular cross section of a nanowire. Here, a nanowire of 100 nm
width and 100 nm thickness is compared to a nanoribbon of 100 nm thickness and
1 µm width. Fig. 4.12 shows the conductance as obtained from these simulations
assuming a fixed silicon/silicon dioxide charge of +1 · 1011 cm−2 and varying the
surface charge on the three surfaces.

For a conductance relevant in the experiments around ∼ 1 · 10−9 S the nanowire is
more sensitive for surface charges than the nanoribbon. This is due to the larger
impact from the surface charges on this device. Using the relevant regime of this
plot, i.e. where the conductance changes from 1× 10−10 S to 1× 10−6 S, which is
reasonable for this device, we can change the surface charge density by the same
amount on the nanoribbon and the nanowire. This is done in fig. 4.11 and it shows
that for the same shift in surface charge the nanowire conductance is more heavily
affected than the conductance of the nanoribbon. For instance, a change of only ∼
6× 108 cm−2 in surface charge close to the abrupt transition at ∼ −3× 1010 cm−2
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induces a 10-fold increase in conductance (from ∼ 1 × 10−11 S to 1 × 10−10 S).
Assuming that such a change in conductance can be detected, we calculate that,
for a 1 µm long and 100 nm wide nanowire (100 nm thick), this surface charge
density corresponds to only ∼ 2 elementary charges!

Figure 4.11: Simulated electron density for left: a nanowire 100 nm wide, 100 nm thick
and right: a nanoribbon 1000 nm wide and 100 nm thick. The surface charge density is
changed from −3.2 · 1010 cm−2 indicated by repeated ’-’ signs, top, to −3.1 · 1010 cm−2

indicated by repeated ’+’ signs, bottom. From paper II.

Fig. 4.12 however shows the drawback with the simulation. First of all the current
in the simulation starts from an unrealistically low value and extends to a too
high value for the nanowire. As can be seen from fig. 4.2 the current runs from
∼ 1 · 10−10 A to ∼ 1 · 10−6 A and thus the simulated device is more sensitive to
surface charges. However, it has been shown that single electrons can alter the
conductance in e.g. a single electron device as described in sec. 2.2.2 and this can
also be true here. But because the simulation is linear in electron density a tenth
of an electron can play a huge role. The simulations gives a qualitative picture of
the size dependence though.

Fig. 4.5 showed that there is size dependency due to surface charges. This can be
explained by the simulations above but it can also be simulated using the cross
section model along the device. In paper V the threshold voltage for nanoribbons
of thickness t = 100, 60, 45 nm was extrapolated. Using the simulation model
the threshold voltage of the simulated device can be extrapolated and by changing
the modifiable interface charge fitted to the experimentally obtained values. Fig.
4.13 shows the experimentally obtained threshold voltages and the fitted simulated
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values. The best fit is obtained for an interface charge of −5 · 1011 cm−2 which is
reasonable compared to the silicon/silicon dioxide interface charge.

Figure 4.12: Conductance extracted from the simulated perpendicular cross section for a
100 nm wide wire (circles) and for a 1,000 nm wide wire (squares). From paper II.

For biosensor experiments it is interesting to see where the conducting channel
runs, either if it is electrons or holes. It is not very likely that the conduction runs
in the middle of the device due to charged surface or interface states as reported on
earlier [13]. Simulating the cross section along the nanowire the electron density
can be obtained for the nanoribbons as seen above. For inversion mode the electron
channel runs close to the silicon/silicon dioxide interface as seen in fig. 4.11.
Simulating the inversion mode and the accumulation mode using this model gives
an interesting result as fig. 4.14 shows.

Figure 4.13: Squares: extrapolated threshold voltage for nanoribbons vs. thickness. Tri-
angles: fitted computer simulated threshold voltages. From paper V.
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As can be seen, the hole channel is located close to the surface in accumulation
mode. Thus, the device should be more sensitive to surface charges in this mode.
The nonlinear behavior in the middle of the device in fig. 4.14 (b) is due to
holes accumulating at the negative interface resulting in an error in the computer
simulation. If fig. 4.2 (c) is studied one can also see that the derivative is larger in
accumulation mode also indicating that the device should be more sensitive in this
mode. However, more sensitive also means that the stability in the experiments
can be decreased. This will be studied in the next chapter.

(a) (b)

Figure 4.14: (a) Simulated electron density in inversion mode. As can be seen the elec-
trons are located at the ”bottom” of the silicon layer, close to the positively charged
silicon/silicon dioxide interface. (b) Simulated hole density in accumulation mode. Here,
the holes are located at the ”top” of the silicon layer close to the negatively charged
interface at the top ”plate”. From paper V.
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Chapter 5

Biomolecule detection

As was discussed in section 2.3.2, silicon nanowires can be used to detect molecules
attaching to the nanowire surface. Fig. 5.1 shows how charged molecules attaching
to receptor molecules on the nanowire surface screens the electron current.

Figure 5.1: Charged molecules (green) attaching to receptor molecules (red) on the
nanowire surface screens the electron current.

5.1 pH measurements

An oxidized silicon surface contains silanol groups: SiOH. These can be charged
if e.g. a buffer solution is added to the surface [10]. The pKa of these silanol
groups, i.e. at which pH value they are neutral, is low. Thus, if the pH value
of the buffer solution is high, the silanol ions are deprotonated into SiO−. If a
current is run through the nanowire the charged silanol ions will thus affect this
current electrostatically. To protect the chip from shortcutting the gold contacts,
a polymer (acetyl acetate) was glued onto the chip. An optical image of the
protected chip is shown in fig. 5.2.
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Figure 5.2: A polymer layer was used to protect the gold contacts from shortcutting the
circuit.

To investigate the impact from surface charges on the conduction mechanism of
the device an experiment was performed where the surface was functionalized with
a 3-aminopropyl triethoxysilane (APTES) molecule creating amino groups (NH2)
on the surface. These are protonated into NH+

3 at low pH values [10]. Thus, these
molecules, together with possibly remaining silanol groups, can be used to change
the surface charge significantly. A schematic of this experiment is shown in fig.
5.3.

Figure 5.3: APTES modified nanowire in buffer solutions of different pH value. For low pH
solutes the amino groups are protonated into NH+

3 and for high pH solution the remaining
silanol groups are deprotonated into SiO−.

Fig. 5.4 shows the results on the I – V characteristics for a nanowire of ∼ 70 nm
width and of 1,000 nm width (both 100 nm of height) as buffer solutions with
different pH are added to the nanowire surface.

As can be seen there is no response for the wider device as compared to the more
narrow device as the buffer solutions are added. This is due to the sidewalls being
closer to the conducting channel for the more narrow device. As can be seen
there is a quenching effect of the channel for small drain source bias. This can
be explained by the more or less total depletion of the channel resulting in the
avalanche effect at high drain - source bias described earlier. As can be seen the
conductivity is increased for buffer solutions of lower pH. This is due to the surface
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charges being more positive in this case enhancing the electron current in inversion
mode. As buffer solutions of higher pH is added, the conduction is decreased due
to the surface charges being less positive. For the wider device, the surface charges
from the side walls does not influence the conduction because they are to far from
the conducting channel. Thus, the I – V characteristics is unchanged as can be
seen in fig. 5.4 (c) - (d).

Figure 5.4: I – V characteristics for a nanowire w ∼ 70 nm, t = 100 nm (a) without
buffer solution and (b) under buffer solutions of different pH and a nanowire w = 1, 000
nm, t = 100 nm (c) without buffer solution and (d) under buffer solutions of different pH.
From paper III.

The surface charges influence the threshold voltage as seen before for the as-
fabricated nanowires. Moreover, the width of the nanowire plays a huge role
here due to the distance between the surface charges on the side walls and the
conducting channel. The threshold voltage for the APTES-modified nanowire for
a buffer solution of pH = 3 should thus be different from the threshold voltage for
a buffer solution of pH = 9. Fig. 5.5 shows the difference in threshold voltage for
nanowires of different width’s for the buffer solutions of pH = 3 and pH = 9. As
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can be seen, the difference scales approximately with inverse width as seen for the
threshold voltage for the as-fabricated nanowires. Moreover, nanowires of width
>150 nm seem to be insensitive to surface charge changes, due to the distance to
the conducting channel being to large. This demonstrates that narrow nanowires
show potential for biomolecule detection and that decreased width should enhance
the sensitivity.

Figure 5.5: Threshold voltage difference for nanowires of different width’s. The shift is
calculated as the difference between the threshold voltage after addition of a buffer solution
of pH = 3 and after addition of a buffer solution of pH = 9 for a nanowire of a certain
width. From paper II.

5.1.1 Salt concentration

The salt concentration in the buffer solution plays a huge role for the sensitivity
on these devices. It has been shown both through calculations and through ex-
periment that the salt concentration must be kept at a low level to increase the
Debye length of the molecules to be detected [23, 93]. In the above experiments
the salt concentration was in the µM range giving a Debye length of ∼ 2.3 nm.

5.2 Biotin - Streptavidin

To investigate if the nanowire can be used to detect biomolecules, i.e. proteins ∼
10 nm in size the interaction between biotin and streptavidin can be used. It is
the strongest noncovalent biological interaction known [94] and the strength and
specificity of this interaction has made it widely used in e.g. initial biomolecule
detection experiments for semiconductor nanowire biosensor devices [10, 11, 60].
Other proteins can be used but the well established and characterized interaction
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between biotin and streptavidin makes it a good candidate for an initial experi-
ment. By functionalizing a nanoribbon surface with a biotin linker, streptavidin
molecules can be detected through the strong binding interaction between the two
molecules [94]. Due to its net negative charge [95] the streptavidin molecule alters
the applied current in the nanoribbon and thus label-free sensing can occur.

The following steps are included in order to functionalize a nanoribbon with biotin
molecules

• manual addition of a protective polymer layer (acetyl acetate) to avoid short-
cuts by painting with a ”micrometer stage”

• oxygen plasma etch (30 s, 20 sccm O2, 100 mTorr, 10W) to activate the
silicon surface

• APTES modification (10 min.), where the nanowire chip is dipped in an
APTES solution, with subsequent rinsing in ethanol/DI water

• biotin modification (30 min.), where the nanowire chip is dipped in a biotin
solution, with subsequent rinsing in ethanol/DI water

The experiments were carried out in a plastic cuvette glued on top of the chip. In
one corner of the cuvette a hole had been drilled which was then placed on top of
the nanoribbon structures such that an exchange of molecules can occur reaching
the chip surface as fig. 5.6 shows. Fig. 5.7 shows a schematic of the experimental
setup.

(a) (b)

Figure 5.6: (a) Optical micrograph of the plastic cuvette glued on to the chip with (b) a
top view close up of the opening in the cuvette showing the gold contacts leading to the
nanoribbons. From paper V.

Due to the large volume of the experimental setup the response time is quite long,
normally around 1,000 s, a reasonable value assuming [96] a diffusion constant,
D, of 130 µm2s−1, mean path length, λ, of 1 mm and the Diffusion formula [44],
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λ =
√

2DT , where T is time [97], giving T ∼ 8,000 s. The sometimes faster
response time is probably due to mixing upon addition of solutions.

Figure 5.7: Schematic for the experimental setup in cross section. From paper V.

Fig. 5.8 (a) shows the binding of streptavidin to biotin for two different concentra-
tions of streptavidin. The figure also shows two control experiments, first one where
human serum albumine (HSA) is added to a biotin functionalized nanoribbon and
a second where streptavidin is added to a non biotin functionalized nanoribbon,
both showing no response.

(a) (b)

Figure 5.8: (a) Detection of streptavidin of two different concentrations. Two control
experiments where also carried out showing no response. (b) Response, measured as
stable current after addition of streptavidin divided by stable current before addition of
streptavidin. From paper V.

As can be seen from fig. 5.8 (a) the response is different for different concentrations
of streptavidin. Fig. 5.8 (b) shows the response for various final concentrations
of streptavidin. It shows that there is no response for concentrations less than
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6 × 10−13 M and that the response reaches saturation for concentrations larger
than ∼ 1× 10−9 M. For the smallest detectable concentration, assuming that the
surface, open to the solution shown in fig. 5.6 (b) is fully covered with biotin
linkers, and that the streptavidin molecules attach uniformly on this surface, this
detection amounts to ∼ 20 streptavidin molecules on the nanoribbon surface. For
the concentration at which the response reaches saturation ∼ 1 × 10−9 M this
amounts to ∼ 36,000 streptavidin molecules on the nanoribbon surface. This
is a reasonable amount considering that the molecule is ∼ 10 nm and that the
nanoribbon surface is ∼ 1, 000× 2, 000 nm2 large.

5.3 Size dependence

We have seen before that electrical characteristics as well as the response for pH
for silicon nanowires show a strong dependence on size. This can also be examined
for nanoribbons in streptavidin-biotin experiments.

(a) (b)

Figure 5.9: (a) IDS vs. time for three nanoribbons of different thickness, t = 45, 60, 100
nm. Addition of streptavidin 1×10−9 M occurs at time = 0 s. (b) Response, calculated as
current ratio between stable current after addition of streptavidin and stable current before
addition of streptavidin plotted vs. surface to volume ratio. Squares show nanoribbons, 1
µm wide, 2 µm long of thickness, t = 100, 65 and 45 nm. The circle shows a nanowire 100
nm thick, 100 nm wide and µm long. The triangle show a nanoribbon, 100 nm of thickness
run in accumulation mode showing a larger response, see section 5.3.1. From paper V.

Nanoribbons of three different thicknesses were produced and the current logged
upon addition of streptavidin as fig. 5.9 (a) shows. As can be seen the response
seems to scale approximately with inverse thickness. If the same experiment is
repeated for a 100 nm wide and 100 nm thick nanowire the response can be plotted
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vs. surface to volume ratio. As demonstrated in fig. 5.9 (b) a nanoribbon 1,000
nm wide and 45 nm thick can be made as sensitive as a nanowire, 100 nm wide
and 100 nm thick. The easy fabrication process for the nanoribbon in comparison
with nanowires makes it a good candidate for future biomolecule detectors.

5.3.1 Accumulation vs. inversion mode

We saw earlier that the conducting carriers were located either at the top of the
silicon layer (holes) or at the bottom of the silicon layer (electrons) in accumu-
lation mode or inversion mode, respectively. In accumulation mode, this should
thus mean that as charged species attach to the nanoribbon surface the conduc-
tance change should be larger than in inversion mode. This is indeed so and in
fig. 5.10 the binding of streptavidin to a biotin functionalized surface is shown
in accumulation mode. Note that in this mode the noise is larger due to the in-
creased sensitivity. Note also that in this mode the current is enhanced due to the
streptavidin net negative charge attracting the holes.

Figure 5.10: Response vs. time for a nanoribbon, 45 nm of thickness, upon addition of
streptavidin 1× 10−9 M at time = 0 s. From paper VI.

To compare inversion and accumulation mode the response can be plotted for
the three samples having different thicknesses both in accumulation and inversion
mode respectively. This is plotted in fig. 5.11 (a) and shows that in accumulation
mode the nanoribbon of 100 nm thickness is now sensitive to the 1 × 10−9 M
streptavidin solution in contrast to the inversion mode where the nanoribbon of
100 nm thickness was insensitive to the binding streptavidin molecules at this
concentration. Thus the response is increased in accumulation mode due to the
fact that the holes are running at the top of the silicon layer, in close proximity to
the functionalized surface.
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This can also be verified using the simulation model for the cross section along
the nanowire described above. By altering the surface charge with a fixed value
of 1 × 1011 cm−2, and at the same time measure the conductance shift from this
change in surface charge in accumulation and inversion mode for varying thickness
a result that can explain the above behavior qualitatively can be obtained. The
resulting conductance shift is plotted in fig. 5.11 (b) vs. thickness, t. It shows that
the accumulation mode can be used in order to increase the response of this device.
However, the increased response cannot increase the sensitivity of the device due
to the noise being much larger as is seen in fig. 5.10. Note that this experiment was
performed for a very large molar concentration close to the saturation value (see
fig. 5.8 (b)). The measurements are not as stable in this mode due to the increased
sensitivity on the local environment with respect to charges in accumulation mode
as the current is closer to the top silicon surface.

(a) (b)

Figure 5.11: (a) Response, calculated as current ratio between stable current after addition
of streptavidin and stable current before addition of streptavidin plotted vs. nanoribbon
thickness for both inversion mode (squares) and accumulation mode (circles). Error bars
are due to noise. (b) Response, calculated as current ratio for a surface charge shift from
−1.0 × 1011 cm−2 to −1.3 × 1011 cm−2 in inversion mode (squares) at VDS = 0.1 V and
VGS = 2.5 V and in accumulation mode (circles) at VDS = 0.1 V and VGS = −0.5 V
plotted vs. nanoribbon thickness. From paper VI.

The values from the simulation does not fit the experimental situation above which
is again due to the difficulties of matching the simulation with the true situation.
In the experiments charges comes in discrete numbers and attaches to specific loca-
tions on the nanoribbon. In the simulation the charge density is evenly distributed
on the silicon surface. The simulation gives a qualitative picture of the situation
though.
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Chapter 6

Conclusions and future outlook

Summarizing this thesis starting with fabrication, we have seen that silicon nano-
wires could be produced using e-beam lithography down to a width of ∼ 30 nm.
The time consuming process of making contact pads with e-beam lithography led
to the development of an optical lithography step where contact pads were made.
This reduced the e-beam writing time considerably at the expense of a somewhat
more complicated process mixing optical and e-beam lithography. Other further
investigations led to another development where the top silicon layer of the SOI
wafers was thinned down to ∼ 50 nm. An optical lithography step then defined
nanoribbons, 1 µm wide showing similar properties as the nanowires. This is,
indeed, a great leap forward in fabrication technology as quite standard silicon
fabrication technology can now be used eliminating unreliable and lengthy nano-
patterning processes.

The devices showed MOSFET behavior conducting through electrons in an in-
version current layer and through holes in accumulation mode for positive and
negative back gate voltage, respectively. The surface charges were shown to have
a huge impact on the devices where they acted as an effective top gate. The surface
charges had a larger impact on the device characteristics the closer the distance was
to the conducting channel. This was shown experimentally where the threshold
voltage increased for decreasing width for the nanowires and for decreasing thick-
ness for the nanoribbons. The behavior was confirmed by computer simulations
showing that the devices could be used for biomolecule detection where charged
molecules binding to the modified silicon surface can change the conduction.

The nanowire surfaces were modified with molecules subject to charge change for
buffer solutions of various pH values. The devices showed that there was indeed a
change in conduction as the charge of the molecules changed. In a similar way as
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for the as-fabricated nanowires, the threshold voltage shift, when the pH value was
changed from 3 to 9, decreased approximately with inverse nanowire width. When
measured, the conductance changed in a similar way. Nanowires of width larger
than 150 nm was shown to be virtually insensitive to the surface modification.
Simulations also showed that a few elementary charges on the nanowire surface
could significantly change the conduction.

During the pH measurements a quenching behavior was observed where the con-
ductance was decreased significantly at low drain source bias as the buffer solution
was added. However at higher drain source voltages the channel was restored and
the device characteristics returned to normal. This effect was attributed to neg-
ative surface charges decreasing the electron current in the channel. Computer
simulations on this effect showed that this was indeed the case, and furthermore,
showed that the restoration of the current was due to an avalanche effect.

An experiment was then designed to explore the biomolecule sensor principle for
the nanoribbons. The surface was functionalized and modified with biotin such
that streptavidin molecules could bind to the surface and due to their negative
charge the current would be affected. The experiment showed that in inversion
mode only the thinnest nanoribbon could detect the added streptavidin molecules.
In accumulation mode however, also the thickest nanoribbon could detect the
streptavidin molecules. This was attributed to the current running closer to the
surface where the charged molecules were bound and simulations showed that this
was the case. In inversion mode the current runs close to the ”bottom” of the
silicon layer thus increasing electrostatic interaction length thereby decreasing the
signal. The sensitivity of the nanoribbons was shown to extend down to ∼ 20
molecules, bound to the nanoribbon surface. The thickness of the nanoribbon was
shown to have importance for both sensitivity and response in the biomolecule
experiments. Specifically, the response was shown to increase with approximately
the inverse thickness.

Nanoribbons and nanowires show promising features for developing highly sensitive
label-free biosensors. Many are the ways in which they can be produced, but
here we have shown that the technique from the 80’s can be used to produce
sensors as sensitive as demonstrated before for nanowires, thus enabling mass scale
production today even as dimensions reach sub 50 nm. For silicon nanobiosensors
single molecule detection needs to be shown and a more thorough investigation of
the mobility needs to be done. Functionalization and multiplexed sensing are also
important issues for the future.
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Chapter 7

Summary of papers

Paper I

R. Juhasz, N. Elfström and J. Linnros, Controlled Fabrication of Silicon Nanowires
by Electron Beam Lithography and Electrochemical Size Reduction, Nano Letters,
5 (2), pp. 275 - 280, 2005

Featured on the cover graphics.

Fabrication of silicon nanowires by e-beam lithography was performed with sub-
sequent size reduction using electrochemical etching techniques. Wires could be
fabricated free-hanging, electropolished and with pores formed. The reduction
process was investigated using electrical and optical methods during the reduction
of the wires, enabling direct control of the minituarization process.

Contributions: Conducted AFM measurements on the wires investigating the ver-
tical etching vs. horizontal etching (fig. 3 (b)) for various wires. Made inset in fig.
3 (b). Contributed in analysis and writing.
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Paper II

N. Elfström, R. Juhasz, I. Sychugov, T. Engfeldt, A. Eriksson Karlström and J.
Linnros, Surface Charge Sensitivity of Silicon Nanowires: Size Dependence, Nano
Letters, 7 (9), pp. 2608 - 2612, 2007

Silicon nanowires where fabricated using e-beam lithography but now with an
optical lithography step creating the silicon pads connecting to the nanowires im-
proving the fabrication process. Measured I – V characteristics on the as-fabricated
wires and indicated that surface charges affect the conduction mechanism espe-
cially the threshold voltage. Narrow wires where shown to be affected more heavily
than wider wires attributed to the distance between surface charges and the con-
ducting species. Simulations on a cross section perpendicular to the nanowire
were performed to confirm this behavior showing that a few elementary charges
can alter the conductance significantly on these devices. An experiment was de-
signed where the silicon surface was modified with an APTES molecule that can
be charged using pH buffer solutions. The experiment showed that upon altering
the surface charges the threshold voltage and the conductance was altered and the
threshold voltage shift and the conductance scaled approximately with the inverse
width of the nanowire. This was the foundation for future biomolecule detection
experiments.

Contributions: Performed the experiments, co-analysed the data and wrote the
main part of the paper.
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Paper III

N. Elfström and J. Linnros, Avalanche breakdown in surface modified silicon nano-
wires, Applied Physics Letters, 91, pp. 103502, 2007

In paper II the I – V characteristics for small drain source bias was seen to be
quenched for the as fabricated nanowires and upon addition of a buffer solution to
the nanowire surface. The probable cause for this we believed was due to surface
charges, presumably negative, altering the conduction mechanism. For larger drain
source bias however the current was restored. In this paper this was investigated
using a computer simulation model on a cross section along the nanowire. By
adding an interface, 1 µm long, simulating one nanowire surface, a surface charge
could be applied, and the conduction mechanism could be investigated. The sim-
ulation showed that an avalanche process was responsible for the restoration of
the electron channel in the nanowire. The electric field in the nanowire, indeed,
reached that of breakdown magnitude in silicon.

Contributions: Performed experiments, constructed simulation model, co-analysed
the data and wrote the main part of the paper.
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Paper IV

N. Elfström and J. Linnros, Sensitivity of silicon nanowires in biosensor applica-
tions, presented at IVC-17/ICSS-13/ICN+T2007 Conference, 2-6 July 2007 in
Stockholm, Sweden, to be published in Journal of Physics: Conference Series
(JPCS)

The simulation model from paper III was used to investigate the impact on the
conduction mechanism from surface charges on a silicon nanowire as the top sil-
icon layer thickness was decreased. The results show that the threshold voltage
increases for decreasing silicon thickness assuming a constant interface charge.
This is due to the increased impact from the surface charges at the edges of the
nanowire as the width is decreased.

Contributions: Constructed the simulation model, analysed the data, wrote the
paper.
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Paper V

N. Elfström, A. Eriksson Karlström and J. Linnros, Silicon Nanoribbons for Elec-
trical Detection of Biomolecules, Nano Letters, 8 (3), pp. 945 - 949, 2008

The fabrication process was greatly simplified by using a 1-day optical lithogra-
phy process to create sensors to be used for label-free detection of streptavidin
molecules using biotin as a receptor. The device was found to work in both accu-
mulation mode as well as in inversion mode and the two modes showed different
response as biomolecules were bound to the surface. Computer simulations showed
that the cause for this was that in inversion mode, the electron channel is located
at the bottom of the silicon layer while in accumulation mode at the top of the
silicon layer. Thus, in accumulation mode the biomolecules are closer to the con-
duction channel and affects it more heavily. The detection limit was shown to be
less than 20 molecules (streptavidin) on the nanoribbon surface corresponding to
∼ 6× 10−13 M.

Contributions: Fabricated the nanoribbons. Performed the experiments and con-
structed the simulation model. Co-analysed the data and co-wrote the paper.
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Paper VI

N. Elfström and J. Linnros, Biomolecule detection using a silicon nanoribbon:
Accumulation mode versus inversion mode, manuscript

The simulation model from paper III was used to investigate the impact on the
conduction mechanism from surface charges on a silicon nanoribbon as the top
silicon layer thickness was decreased in both accumulation and inversion mode.
The result shows that because the holes run closer to the surface in accumulation
mode this mode is more sensitive to surface charge changes than in inversion mode.

Contributions: Constructed the simulation model, analysed the data, wrote the
paper.
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Lett., 68(10):1377–1379, 1995.

58



[31] Q. Li, X. Zhu, H. D. Xiong, S.-M. Koo, D. E. Ioannou, J. J. Kopanski, J. S.
Suehle, and C. A. Richter. Nanotechnology, 18:235204, 2007.

[32] C. Thelander, H. A. Nilsson, L. E. Jensen, and L. Samuelson. Nano Letters,
5(4):635–638, 2005.

[33] K. M. Indlekofer, J. Knoch, and J. Appenzeller. IEEE Trans. Elec. Dev.,
54(6):1502–1509, 2007.

[34] S. M. Sze. Physics of semiconductor devices. Wiley, 2 edition, 1981.

[35] B. J. van Wees, H. van Houten, C. W. J. Beenakker, J. G. Williamson,
L. P. Kouwenhoven, D. van der Marel, and C. T. Foxon. Phys. Rev. Lett.,
60(9):848–850, 1988.

[36] D. A. Wharam, T. J. Thornton, R. Newbury, M. Pepper, H. Ahmed, J. E. F.
Frost, D. G. Hasko, D. C. Peacock, D. A. Ritchie, and G. A. C. Jones. J.
Phys. C: Solid State Phys., 21:L209–L214, 1988.

[37] Y. S. Tang, G. Jin, J. H. Davies, J. G. Williamson, and C. D. W. Wilkinson.
Phys. Rev. B, 45(23):13799–13802, 1992.

[38] Y. Nakajima, Y. Takahashi, S. Horiguchi, K. Iwadate, H. Namatsu, K. Kuri-
hara, and M. Tabe. Jpn, J. Appl. Phys. Vol., 34:1309–1314, 1995.

[39] Y. Takahashi, A. Fujiwara, and K. Murase. Semicond. Sci. Technol., 13:1047–
1051, 1998.

[40] M. Je, S. Han, I. Kim, and H. Shin. Solid-State Electronics, 44:2207–2212,
2000.

[41] A. T. Tilke, F. C. Simmel, H. Lorenz, R. H. Blick, and J. P. Kotthaus. Phys.
Rev. B, 68:075311, 2003.

[42] W. Lu, J. Xiang, B. P. Timko, Y. Wu, and C. M. Lieber. PNAS,
102(29):10046–10051, 2005.

[43] S. C. Rustagi, N. Singh, Y. F. Lim, G. Zhang, S. Wang, G. Q. Lo, N. Balasub-
ramanian, and D.-L. Kwong. IEEE Electron Device Letters, 28(10):909–912,
2007.

[44] N. W. Ashcroft and N. D. Mermin. Solid state physics. Brooks/Cole, 1976.

[45] J. R. Hauser. IEEE Transactions on Electron Devices, 43(11):1981–1988,
1996.

59



[46] J.-H. Choi, Y.-J. Park, and H.-S. Min. IEEE Electron Device Letters,
16(11):527–529, 1995.

[47] C.-L. Huang, J. V. Faricelli, and N. D. Arora. IEEE Transactions on Electron
Devices, 40(6):1134–1139, 1993.

[48] Y. Cui, X. Duan, J. Hu, and C. M. Lieber. The Journal of Phys. Chem. B,
104(22):5213–5216, 2000.

[49] S.-M. Koo, A. Fujiwara, J.-P. Han, E. M. Vogel, C. A. Richter, and J. E.
Bonevich. Nano Letters, 4(11):2197–2201, 2004.

[50] Y. Cui, Z. Zhong, D. Wang, W. U. Wang, and C. M. Lieber. Nano Letters,
3(2):149–152, 2003.

[51] B. Tian, X. Zheng, T. J. Kempa, Y. Fang, N. Yu, G. Yu, J. Huang, and C. M.
Lieber. Nature, 449:885–889, 2007.

[52] S.-M. Koo, M. Edelstein, Q. Li, C. A. Richter, and E. M. Vogel. Nanotech-
nology, 16:1482–1485, 2005.

[53] O. Hayden, R. Agarwal, and C. M. Lieber. Nature materials, 5:352–356, 2006.

[54] P. Agarwal, M. N. Vijayaraghavan, F. Neuilly, E. Hijzen, and G. A. M. Hurkx.
Nano Letters, 7(4):896–899, 2007.

[55] A. D. Wissner-Gross. Nanotechnology, 17:4986–4990, 2006.

[56] D. R. Bowler. J. Phys. Cond. Matt., 16:721–754, 2004.

[57] J. Fritz, E. B. Cooper, S. Gaudet, P. K. Sorger, and S. R. Manalis. PNAS,
99(22):14142–14146, 2002.

[58] B. Ashcroft, B. Takulapalli, J. Yang, G. M. Laws, H. Q. Zhang, N. J. Tao,
S. Lindsay, D. Gust, and T. J. Thornton. Phys. Stat. Sol. (b), 241(10):2291–
2296, 2004.

[59] J.-I. Hahm and C. M. Lieber. Nano Letters, 4(1):51–54, 2004.

[60] R. J. Chen, H. C. Choi, S. Bangsaruntip, E. Yenilmez, X. Tang, Q. Wang,
Y.-L. Chang, and H. Dai. J. Am. Chem. Soc., 126:1563–1568, 2004.

[61] W. U. Wang, C. Chen, K.-H. Lin, Y. Fang, and C. M. Lieber. PNAS,
102(9):3208–3212, 2005.

60



[62] M.-W. Shao, Y.-Y. Shan, N.-B. Wong, and S.-T. Lee. Adv. Funct. Mater.,
15:1478–1482, 2005.

[63] Z. Fan and J. G. Lu. Appl. Phys. Lett., 86:123510, 2005.

[64] J.-F. Hsu, B.-R-Huang, C.-S. Huang, and H.-L. Chen. Japanese Journal of
Applied Physics, 44(4B):2626–2629, 2005.

[65] G. Zheng, F. Patolsky, Y. Cui, W. U. Wang, and C. M. Lieber. Nature
biotechnology, 23:1294–1301, 2005.

[66] T. I. Kamins, S. Sharma, A. A. Yasseri, Z. Li, and J. Straznicky. Nanotech-
nology, 17:S291–S297, 2006.

[67] J. S. Kim, W. I. Park, and C.-H. Lee G.-C. Yi. Journal of the Korean Physical
Society, 49(4):1635–1639, 2006.

[68] Y. L. Bunimovich, Y. S. Shin, W.-S. Yeo, M. Amori, G. Kwong, and J. R.
Heath. J. Am. Chem. Soc., 128:16323–16331, 2006.

[69] D. Whang, S. Jin, Y. Wu, and C. M. Lieber. Nano Letters, 3(9):1255–1259,
2003.

[70] Y. Shan, A. K. Kalkan, C.-Y. Peng, and S. J. Fonash. Nano Letters,
4(11):2085–2089, 2004.

[71] Q. Li, S.-M. Koo, C. A. Richter, M. D. Edelstein, J. E. Bonevich, J. J. Kopan-
ski, J. S. Suehle, and E. M. Vogel. IEEE Transactions on Nanotechnology,
6(2):256–262, 2007.

[72] I. Park, Z. Li, A. P. Pisano, and R. Stanley Williams. Nano Letters,
7(10):3106–3111, 2007.

[73] A. Uhlir. Bell Syst. Technol., 35:333, 1956.

[74] D. R. Turner. J. Electrochem. Soc., 105:402, 1958.

[75] V. Lehmann. Electrochemistry of silicon. VCH Verlag GmbH, Weinheim,
Germany, 2002.

[76] R. Juhasz. Silicon Nanowires, Nanopillars and Quantum Dots: Fabrication
and Characterization. Doctoral thesis, KTH, Royal Institute of Technology,
2005.

[77] J. Knoch, M. Zhang, J. Appenzeller, and S. Mantl. Appl. Phys. A, 87:351–357,
2007.

61



[78] J. Knoch, M. Zhang, S. Mantl, and J. Appenzeller. IEEE Trans. Elec. Dev.,
53(7):1669–1674, 2006.

[79] S. E. Babcock and K. N. Tu. J. Appl. Phys., 53(10):6898–6905, 1982.

[80] M. O. Aboelfotoh and K. N. Tu. Phys. Rev. B, 33(10):6572–6578, 1986.

[81] J. Knoch, M. Zhang, Q. T. Zhao, St. Lenk, S. Mantl, and J. Appenzeller.
Appl. Phys. Lett., 87:263505, 2005.

[82] J. P. Snyder, C. R. Helms, and Y. Nishi. Appl. Phys. Lett., 67(10):1420–1422,
1995.

[83] J. Guo, J. Wang, E. Polizzi, S. Datta, and M. Lundstrom. IEEE Transactions
on Nanotechnology, 2(4):329–334, 2003.

[84] Z. Chen, J. Appenzeller, J. Knoch, Y. m. Lin, and P. Avouris. Nano Letters,
5(7):1497–1502, 2005.

[85] S. E. Mohney, Y. Wang, M. A. Cabassi, K. K. Lew, S. Dey, J. M. Redwing,
and T. S. Mayer. Solid-State Electronics, 49:227–232, 2005.

[86] K.-I. Seo, S. Sharma, A. A. Yasseri, D. R. Stewart, and T. I. Kamins. Elec-
trochemical and Solid-State Letters, 9(3):G69–G72, 2006.

[87] J. Y. Choi, S. Ahmed, T. Dimitrova, J. T. C. Chen, and D. K. Schroder.
IEEE Trans. Elec. Dev., 51(9):1380–1384, 2004.

[88] D. M. Fleetwood, P. S. Winokur, R. A. Reber, Jr., T. L. Meisenheimer, J. R.
Schwank, M. R. Shaneyfelt, and L. C. Riewe. J. Appl. Phys., 73(10):5058–
5074, 1993.

[89] I. Kimukin, M. S. Islam, and R. Stanley Williams. Nanotechnology, 17:S240–
S245, 2006.

[90] T. Matsukawa, S. Kanemaru, M. Masahara, M. Nagao, H. Tanoue, and
J. Itoh. Jpn. J. Appl. Phys., 42(4B):2422–2425, 2003.

[91] M. Kimura and T. Ohmi. J. Appl. Phys., 80(11):6360–6369, 1996.

[92] http://www.synopsys.com, 2008.

[93] E. Stern, R. Wagner, F. J. Sigworth, R. Breaker, T. M. Fahmy, and M. A.
Reed. Nano Letters, 7(11):3405–3409, 2007.

62



[94] A. Holmberg, A. Blomstergren, O. Nord, M. Lukacs, J. Lundeberg, and
M. Uhlén. Electrophoresis, 26:501–510, 2005.

[95] A. Ebner, F. Kienberger, G. Kada, C. M. Stroh, M. Geretschläger, A. S. M.
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