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ABSTRACT
Silicon nanowires have been the subject of intense research in recent years for their
potential application in future nanoscale electronic systems and for studying physical
phenomena in restricted geometries. In order for nanoscale electronic devices to realize their
full potential in certain applications, ohmic contacts are required. The present study focuses
on the fabrication and characterization of electrical contacts to p- and n-type Si nanowires
grown by the vapor-liquid-solid method with the objective of designing ohmic contacts with
a low contact resistance. The actual contacts to these nanowires could exist in two possible
geometries: firstly, as an integral part of the nanowires fabricated during growth of the
nanowires, also referred to as nanowire heterojunction contacts, and secondly, in the form of
lithographically defined metal pads overlapping the nanowires.
Cobalt silicide/Si and Au/Si heterojunction nanowires grown in anodized alumina
templates with an average pore diameter of 200 nm were studied in the former geometry. An
optimum amount of Au catalyst was deemed necessary for obtaining cobalt silicide/Si
nanowires with good morphology. Investigations using transmission electron microscopy
helped determine this amount to be approximately two-thirds of the average pore diameter
of the templates in which the nanowires were grown. Subsequently, detailed scanning
transmission electron microscopy revealed that even some of the nanowires with good
morphology contained Au nanoparticles, more so near the interface of the Si segment with
the silicide in the case of cobalt silicide/Si nanowires and with the Au in the case of Au/Si
nanowires. Such Au nanoparticles were shown to cause discontinuities in some nanowires
upon annealing at temperatures above the Au-Si eutectic point. Nanowires grown out the
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top of the membranes contained very few Au nanoparticles away from the Au/Si interface
and were used for studying contacts in the metal-pad geometry.
Contacts in a two-point probe configuration based on Pd, Ti/Au and Co/Al
metallizations were studied for heavily doped p-type Si nanowires of average diameter 80 nm
that were grown out the top of membranes, and a Ti/Au metallization was studied for
heavily doped n-type Si nanowires of similar diameter. Such studies revealed that for p-type
nanowires, the Co/Al contacts were the least resistive under similar fabrication and
annealing conditions. Annealing from 200 – 300 °C in a N2 ambient was shown to be
optimal for obtaining ohmic contacts and avoiding thermal degradation. For n-type
nanowires, the Ti/Au contacts were also shown to form ohmic contacts readily upon
annealing between 250 – 300 °C under similar conditions. Field emission scanning electron
microscopy was used to study some of the defective p- and n-type Si nanowire devices
including contact electrodes.
A multi-contact test structure was next fabricated, which made it possible to extract
various contact parameters based on a nanowire transmission line model. Contacts based on
Al, Co and Co/Al metallizations were fabricated on heavily doped p-type nanowires of
average diameter 80 nm that were grown out the top of membranes and from Au thin films,
and an Er/Al metallization was used for heavily doped n-type nanowires of similar diameter
grown by similar methods. The specific contact resistance of as-deposited Al contacts was
found to be within 1 x 10-5 – 4 x 10-4 Ω-cm2 when extracted at the origin of the device
current-voltage (I-V) characteristics for p-type Si nanowires of resistivity 0.53 (±0.48) Ω-cm.
Cobalt contacts, upon annealing in N2 within 250 – 300 °C in the multicontact fabrication,
showed lower resistance and more linear current-voltage characteristics than the Al contacts

v
but were more difficult to lift off at the required metallization thickness. A contact based on
the Co/Al metallization was later fabricated that combined the ease of lift-off of the Al
multicontacts with the low resistance of the annealed Co contacts. The specific contact
resistance of ohmic contacts based on such a metallization was extracted at the origin of the
device I-V characteristics and found to be within 6 x 10-6 – 6 x 10-4 Ω-cm2 in the asdeposited condition, and within 2 x 10-6 – 2 x 10-4 Ω-cm2 upon annealing in N2 at 200 – 250
°C for p-type Si nanowires of resistivity 0.27 (±0.18) Ω-cm. Ohmic contact formation for
such devices was attributed to high doping of the Si nanowires. The formation of a cobalt
silicide phase combined with an increase in the doping of the nanowires adjacent to the
metallization upon annealing is proposed to have led to a decrease in the specific contact
resistance of the contacts after annealing.
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Chapter 1
Introduction and Literature Review
Over the past few decades, rapid progress in nanotechnology has effected numerous
scientific and engineering inventions in various fields including semiconductor devices [1,2].
Much of it has been motivated by the necessity to overcome the limitations of present
technologies and build progressively efficient and robust technologies to meet the demands
of the future. One such key limitation in the field of semiconductor device fabrication is the
device packing density [3]. Today’s advanced processors can accommodate nearly one
million transistors per square centimeter of a semiconductor wafer [4]. In spite of the
prospect of scaling down device dimensions further based on the currently prevalent ‘topdown’ fabrication paradigm, Moore’s law predicts that within a decade or so from now, the
maximum density of transistors that can be realized per unit area in a conventional
semiconductor microprocessor will reach its maximum achievable limit [3]. It is believed that
a shift to a ‘bottom-up’ fabrication paradigm might fulfill the expectations from the
subsequent generations of semiconductor devices [5].

1.1 Role of Semiconductor Nanowires
Prospective bottom-up technologies in semiconductor device fabrication comprise
those based on nanotubes and/or nanowires, resonant tunnel devices, quantum computing
arrays, single electron transistors, molecular electronics and spintronics [6,7]. The nanowireand/or nanotube-based technology seems very promising in terms of reliability and
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compatibility with the present top-down technologies. Nanotubes and nanowires may serve
as active device elements as well as in interconnect and memory applications within a
semiconductor circuit [6,7]. While this and other technologies may be mutually competitive,
there is also the possibility of combining two or more of these bottom-up technologies
and/or current top-down technologies to give rise to hybrid technologies that could lead to
more efficient and/or functional semiconductor devices than those produced by any one
individual technology [6,7].
Semiconducting carbon nanotubes have already been demonstrated to have excellent
field-effect properties comparable, and in some cases, even superior to conventional siliconbased devices [8]. Literature on carbon nanotube is abounding with examples of a variety of
prototype devices that mimic the functionality partially or completely of related conventional
devices [8,9]. However, carbon nanotubes pose a huge technological challenge regarding
their inherent probability of occurrence as either semiconducting or metallic in nature owing
to their chirality [10]. Metallic carbon nanotubes are highly conductive and are not
susceptible to the field-effect which makes them rather ineffective for device applications.
Since it is difficult to distinguish between the semiconducting and metallic carbon
nanotubes, they are less likely to be incorporated into devices targeted for high volume
manufacturing unless an efficient method to separate the two kinds of carbon nanotubes is
devised by the time the carbon nanotube-based technology reaches maturity.
Semiconductor nanowires constitute a significant alternative candidate material for
the next generation of device technology [10]. They can be controllably doped to change the
carrier type and concentration; furthermore, their conductivity and accordingly their fieldeffect properties can be modulated by the application of an external field. Thus, in essence, it
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may be possible to realize a semiconductor circuit based entirely on semiconductor
nanowires through intelligent design and supporting fabrication technology [10]. A huge
amount of literature has been amassed in the last few years that describe the various
techniques that have been developed and refined in the direction of growth, electrical and
materials characterization and formulation of a theoretical basis to facilitate the
understanding of the mesoscopic (or even quantum) transport phenomena dominant in their
quasi one-dimensional geometries [11].
Among semiconductor nanowires, silicon nanowires have been studied quite
extensively. Nanowires made of other semiconductors such as germanium [12], gallium
arsenide [13,14], gallium nitride [15,16], gallium phosphide [14], indium phosphide [14,17] and
cadmium sulfide [18] have also been studied with a device application perspective. Recently
silicon/germanium core-shell [19], gallium nitride/gallium phosphide core-shell [20] and
silicon/silicon-germanium heterostructure [21] nanowires have attracted exclusive attention
due to their interesting properties that make them ideal candidates for bandgap engineering,
one-dimensional carrier confinement experiments and strain engineering.

1.2 Silicon Nanowire – Growth, Properties and Device Applications
Among various semiconductor nanowires, silicon nanowires have been investigated
quite extensively in the recent past and constitute a very prominent topic of current research
since they are attractive building blocks for nanoelectronic device applications [10,22]. By
tailoring their size, morphology and electronic properties they can be effectively
functionalized as active device elements and also as interconnects or memory devices as
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mentioned previously. Also, they are highly prospective candidates for process integration
with the current silicon-based manufacturing technology.
Silicon nanowires have been synthesized by a variety of techniques from laserablated chemical vapor deposition (CVD) to recently attempted DNA-assisted bio-templated
growth approach. One very common growth technique, however, is the metal catalystassisted vapor-liquid-solid (VLS) growth method, which was first introduced by Wagner and
Ellis [23,24,25] and described in detail by Givarzigov et al. [26,27]. The metal catalyst is
usually in the form of nanoparticles spread on a substrate like silicon or silicon dioxide
[28,29]. Sometimes, nanoporous membranes have been used instead to electrochemically
deposit metal catalysts within the pores thus achieving control over the dimension of the
metal catalyst [30,31]. When the substrates with the metal nanoparticles or the membranes
with electrodeposited metal catalysts are placed in a CVD chamber with a mixture of
ingredient gases necessary for growth, a controlled nanowire growth can be achieved by
controlling the temperature, time and gas flow rates in a precise manner. Okajima et al. [28],
Westwater et al. [29,32,33,34] and Ozaki et al. [35] have previously reported the growth of
position- and diameter-controlled silicon nanowires with high aspect ratios (length to
diameter ratios) using this technique. Recently, Lew et al. have reported the use of VLS
growth method to synthesize silicon nanowires within anodized alumina nanoporous
membranes [30,31,36].
Doping has also been achieved by introducing dopant gases during the growth
process in a controlled manner. This way, both p-type and n-type silicon nanowires have
been grown. Moreover, there have also been few recent reports that describe the formation
of p-n junctions axially within silicon nanowires and even nanowire heterostructures with
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multiple alternating p- and n-type segments in the axial direction [37,38,39,40]. The silicon
nanowires specific to the studies in this thesis were synthesized, depending on their desired
structure, via variations of a VLS growth-based process. Furthermore, in situ doping with
boron and phosphorus had also been carried out in some cases to obtain p- and n-type
nanowires, respectively. Growth of a few of these nanowire heterostructures have been
reported elsewhere by Lew et al. [31,36] and others have been covered in Sections 5.1.1 and
5.2.1.
The silicon nanowires grown by the VLS method have been shown to grow along
specific growth directions depending on the substrate and other growth conditions. The
[110], [111] and [112] are few of the commonly reported growth directions [22,31,37]. The
nanowire growth process has been sufficiently refined over the last decade or so to obtain
nanowires with a single crystalline core and uniform diameter all the way to diameters as
small as 2-5 nm. For template-assisted VLS growth, a precise control on the diameter of the
nanowires has been obtained by carefully controlling the diameter of templates in which the
nanowire growth occurred. For metal nanoparticle-assisted growth, a good control over the
particle size distribution resulted in a high uniformity in the nanowire diameters. There also
seemed to be a good control over the defect density and doping in many of the reported
studies.
Numerous prototype applications including field-effect transistors (FETs)
[37,38,41,42,43,44], logic gates [37,38], photodetectors [45], light-emitting diodes (LEDs)
[16,17], sensors [46,47] and address decoders [44] have already been demonstrated by various
groups. Various other groups, including our group at Pennsylvania State University, have
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also reported significant results on growth, characterization and field-effect properties of
silicon nanowires [30,31,36,48,49,50,51].

1.3 Importance of Contacts to Silicon Nanowires
For the nanoscale devices fabricated from all semiconductor nanowires including
silicon nanowires to be functional, low-resistance electrical contacts are highly desirable. If
the contacts are ohmic, this would ensure that the device characteristics are not significantly
perturbed by the properties of the contacts. Hence, efforts have been devoted to the
fabrication of contacts to individual semiconductor nanowires and semiconductor nanowire
arrays.

1.4 Literature Review of Contacts to Semiconductor Nanowires
Electrical contacts to individual nanowires typically consist of two different
geometries – nanowire heterojunction contacts and metal pad contacts. Figure 1.1 shows a
schematic of both types of contacts. As seen in the figure, a typical nanowire heterojunction
contact consists of a segment (or segments) of contact material adjacent to the
semiconductor segment so the entire structure is in the form of one single nanowire. The
contact material may be a metal, a metal-semiconductor alloy, or a compound formed as a
result of a chemical reaction between a metal and the adjacent semiconductor material. The
contact material and the semiconductor form an interface with a diameter closely defined by
the diameter of the nanowire. Current transport primarily occurs across an interfacial plane
within the heterojunction nanowire. The metal pad contacts, on the other hand, are
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fabricated by employing various patterning methods coupled with thin film deposition
techniques. The actual size of the interface between the contact material and the
semiconductor nanowire will therefore depend on the circumference of the nanowire, and
the length of the contact can be tailored by appropriately designing the pattern of the
contacts. Due to the difference in geometry, the actual transport process across the
nanowire/contact interface for the metal pad contact may be quite different from the
transport process for the former geometry. However, for this latter geometry, it may be
possible to model the current transport by using approaches adopted for studying
conventional planar contacts to semiconductor devices.

Figure 1.1: Schematic of contact geometries (a) nanowire heterojunction contact and (b)
metal pad contact. The arrows approximately depict the current flow pattern.
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1.4.1 Nanowire Heterojunction Contacts
Luo et al. have reported the fabrication of Ag/Si nanowire heterojunctions in
anodized alumina membranes with pores 60-140 nm in diameter using electrochemical
deposition and CVD [52]. The diameters of these nanowires were predominantly around 90
nm, which corresponded to the size of the alumina membrane pores. According to the
authors, high-resolution transmission electron microscopy (TEM) coupled with energy
dispersive spectroscopy (EDS) indicated the possible formation of a Si-Ag solid solution at
the interface, and nanobeam diffraction (NBD) method revealed the absence of any
amorphous layer in the interface. The same group also reported on the synthesis of Pt6Si5/Si
nanowire heterojunctions by using polycrystalline Pt nanowires as templates [53]. Pt
nanowires were first formed in the pores of anodized alumina membranes by
electrochemical deposition. Afterwards, some alumina templates with these Pt nanowires
were placed in a chamber to which SiCl4 and H2 were introduced. Under appropriate
conditions, the gases could be made to infiltrate into and react with the polycrystalline Pt
nanowires to yield Pt6Si5/Si nanowire heterojunctions. Subsequent TEM analysis showed
that the Pt6Si5 parts of the nanowire heterojunctions were all single-crystalline, and EDS
analysis revealed that the Si segment consisted of only Si.
Cobalt silicide (CoSix)/Si nanowires have been synthesized in our group as reported
by Mohammad et al. [54]. Nanoporous anodized alumina membranes with a nominal
diameter of 200 nm were used as templates to grow the nanowires. Ag, Co and Au were
sequentially plated electrochemically within the pores of the membranes. Then the
membranes were loaded in a CVD furnace and the nanowires were grown by the VLS
growth method at 500 °C using a mixture of 5% SiH4 in H2. The structural quality of the
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nanowires was studied by Mohammad using scanning electron microscopy and by Dey using
transmission electron microscopy. It was found to depend strongly on the amount of the Au
catalyst used for the VLS growth. Furthermore, it was determined that for nanowires with
good morphology and structure, the thickness of the initially electrodeposited Au layer
varied from 0.5 to 0.9 times the nanowire diameter. An Au thickness of 160 nm was shown
to yield structurally good nanowires with an average diameter of 249 ± 32 nm.
Wu et al. [55] have recently reported the fabrication of nickel silicide (NiSi)/Si
nanowires. Nickel metal was patterned onto Si nanowires and then the Ni-containing regions
were transformed to NiSi by annealing at 550 °C in forming gas (N2:H2 ratio, 90:10) for 5
min in a rapid thermal annealer. The average lengths of the NiSi and Si segments were both
1 µm. High-resolution TEM studies demonstrated that the NiSi segments were single
crystalline and that the NiSi/Si interfaces were atomically sharp. Field-effect transistor (FET)
devices were fabricated in which the critical source-drain regions were defined by metallic
NiSi nanowire sections on p-type Si nanowire. Current vs. source-drain voltage data were
linear within ±1 V, which suggested that the NiSi/Si contacts behave for practical purposes
as ohmic contacts at room temperature.

1.4.2 Nanowire-Metal Pad Contacts
The use of lithographically defined metal pad contacts to Si nanowires is very
common in the literature on measurement of electrical transport properties of various
nanoscale devices fabricated from Si nanowires. For example, in a study by Cui et al. [41],
contacts were made to individual p- and n-type Si nanowires using electron beam lithography
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(EBL) and thermally evaporating Al (50 nm) and Au (150 nm). The nanowires were
supported on an oxidized Si substrate with the underlying conducting Si used as a back gate.
The two-terminal I-V curves were linear for the boron-doped p-type Si nanowires for high as
well as low doping levels of B. Linear I-V curves were also recorded for heavily phosphorusdoped n-type Si nanowires, thus indicating the formation of ohmic contacts for these
specific nanowires. In another more recent study by the same group on FETs made from Si
nanowires [43], contacts to the boron-doped (p-type) Si nanowires were made by defining
source-drain electrodes with electron-beam lithography and subsequent evaporation of 50
nm Ti and 50 nm Au. Rapid thermal annealing was carried out at 300-600 °C for 3 min in
forming gas (10% H2 in He), which may have led to reduced contact resistance of the metalSi nanowire contacts, and effected an increase in the magnitude of the source-drain current
of the FETs. The observed increase in current could also partly be due to the passivation of
the Si-SiOx interface traps during annealing.
Kim et al. [56] have reported the fabrication of several Schottky diodes on a single
GaN nanowire synthesized by chemical vapor deposition. Alternately attached metal
electrodes of Al and Ti/Au formed a Schottky barrier (for Al) or an ohmic contact (for
Ti/Au), resulting in several diodes on a single nanowire. The current-voltage measurements
exhibited clear rectifying behavior without any reverse-bias breakdown up to -5 V. The
forward-bias threshold was observed to decrease linearly with temperature, from 0.4 V at
280 K to 1 V at 10 K.
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1.4.3 Other Nanoscale Metal-Semiconductor Contacts
Apart from the nanowire heterojunction contacts and the metal pad contacts,
electrical contacts have also been fabricated to semiconductor nanowire arrays. For example,
Park et al. [57] have reported on fabrication and electrical characteristics of ZnO nanowire
Schottky diode arrays. High quality vertically well-aligned ZnO nanowires were grown using
non-catalytic metallorganic vapor phase epitaxy. Au was evaporated on the tips of a batch of
such nanowires to obtain Au/ZnO nanowires. Current-sensing atomic force microscopy
(AFM) was used to measure the I-V characteristics. The observed I-V characteristics of both
bare ZnO and Au/ZnO heterostructure nanowire arrays were found to be non-linear and
asymmetric, though the latter nanowire array demonstrated much improved electrical
characteristics: the reverse-bias breakdown voltage was improved from -3 to -8 V by capping
a Au layer on the nanowire tips, presumably due to an increase in the junction area and the
formation of well-defined interface between Au and ZnO layers.
Longitudinal cobalt silicide contacts to silicon nanowires have been reported by Li et
al. [58]. The nanowires were synthesized via thermal decomposition of SiO powder and a
metal vapor vacuum arc ion source was used to implant Co+ ions into silicon nanowires.
Owing to the directional nature of the incident Co+ beam, only the side of the nanowire
facing the Co+ beam was implanted. Thus, the silicide contacts spanned the entire length of
the silicon nanowires.
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1.5 Thesis Content
Following the above broad motivation for research on silicon nanowire-based device
scaling and the need for low-resistance ohmic contacts, the remaining thesis is divided into
seven chapters. The fundamental concepts behind metal-semiconductor contacts, which
form the basis of the research for this thesis, are briefly explained in Chapter 2. Since the
number of scientific studies undertaken in the area of electrical contacts to semiconductor
nanowires is small compared to electrical contacts to bulk semiconductor devices and these
studies vary vastly in their approach, there is a need to establish an approach specific to the
research for this thesis. Chapter 3 outlines the adopted research approach and lays out the
specific scientific objectives for the studies reported in this thesis. Chapter 4 describes the
unit processes for engineering, development, electrical characterization and failure analysis of
the two geometries of contacts to the silicon nanowires considered in the present study.
Results and discussion on nanowire heterojunction contacts, especially the CoSix/Si/Au and
Au/Si/Au heterostructure nanowires, are presented in Chapter 5. Chapters 6-7 describe the
electrical behavior of the metal-pad contacts to silicon nanowires. More specifically, Chapter
6 focuses on 2-point probe measurements from two contacts and Chapter 7 focuses on
measurements based on the transmission line model using multiple contacts. Finally, the
thesis concludes with a short summary and prospective future work, which is presented in
Chapter 8.
For the convenience of the reader three appendices have been appended in the end.
Appendix A concisely summarizes the processing steps in the process-flow charts for quick
review. The curve-fitting approach applied towards extraction of the nanowire resistivity and
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the specific contact resistance is presented in Appendix B, and some electrical data from the
transmission line measurements have been compiled in Appendix C.

Chapter 2
Metal/Semiconductor Contact Analysis
Electrical contacts to semiconductors, often made of metallic materials, constitute an
integral part of almost all functional electronic devices. They are essential to connect the
active regions of the semiconductor device to the external circuitry that forms the basis of
complex electronic systems. A low resistance ohmic contact is necessary for many device
applications. For a nanowire FET, low contact resistance would allow for the actual
transistor or field-effect properties of the semiconductor device, rather than the contact
resistance, to dominate the overall electrical characteristics of the final device. In other cases,
the rectifying nature of the contact region itself is exploited to design the gate of devices like
a Schottky barrier FET.

2.1 Metal/Semiconductor Contact Fundamentals
The underlying mechanism associated with the current transport via metallic contacts
to semiconductor devices is a vital one which determines the properties of the contacts and
ultimately the devices. The various mechanisms have been studied extensively for many
decades. Two of those limiting cases are the Schottky-Mott model and the Bardeen model,
which are discussed in the following sections.

15
2.1.1 Schottky-Mott Model
In general, for a non-degenerate semiconductor, when a metal is in intimate contact
with the semiconductor, the Fermi level within the semiconductor aligns with that of the
metal at thermal equilibrium under a zero applied bias. Charge transfer takes place at the
region of the metal/semiconductor interface to align the Fermi levels. In this process, the
conduction and the valence bands within the semiconductor undergo band-bending close to
the interface. However, depending on the electron affinity (χS) of the semiconductor and the
work function (ΦM) of the metal, this may also lead to the formation of a barrier to the
electron transport between the semiconductor and the metal. This is called a Schottky
barrier, as shown in Figure 2.1 for an n-type semiconductor. The Schottky barrier height at
zero applied bias (ΦB0) for an ideal contact is given by Eq. 2.1 [59]
ΦB0 = ΦM – χS

(2.1)

In the Schottky-Mott model, it is assumed that ΦM and χS do not change when the metal and
semiconductor are brought into contact, and that there are no surface (or interface) states in
the semiconductor [60]. In practice, an interracial layer in the form of an oxide may be
present at the metal/semiconductor interface. For conduction to occur via the interface,
electrons for an n-type semiconductor and holes for a p-type semiconductor must be
transported across the interface from the semiconductor to the metal. Current transport is
discussed in Section 2.2.
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Figure 2.1: Energy-band diagram of a metal/n-type semiconductor at zero applied bias.

2.1.2 Bardeen Model
When a large density of surface (or interface) states is present on the semiconductor
surface, the barrier height cannot be estimated accurately by the Schottky-Mott model. In
such a case, the surface states are occupied up to the semiconductor Fermi level. When the
metal-semiconductor system is in equilibrium, the Fermi level of the semiconductor aligns
with that of the metal and charge transfer occurs resulting in an electric field at the interface.
If the density of surface states is sufficiently large to accommodate any surface charges (or
interface charges) resulting from the formation of the metal/semiconductor contact without
appreciably affecting the occupancy of levels or the Ef within the semiconductor, the space
charge in the semiconductor will remain unaffected. As a result, the barrier height is
determined by the property of the semiconductor surface and is independent of the metal
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work function. This phenomenon is also called ‘Fermi level pinning’ and was first modeled
by Bardeen [61].

2.2 Current Transport at the metal/semiconductor interface
Current transport can occur at the metal/semiconductor interface by several
different mechanisms [59]. In general form, the net current density across the interface ( J) is
given by Eq. 2.2, where JSM is the current density from the semiconductor to the metal and
JMS is the current density from the metal to the semiconductor.
J = JSM - JMS

(2.2)

For majority carrier transport across a forward biased metal/semiconductor junction, the JSM
term dominates the transport. In ‘thermionic emission,’ the transport of majority carriers
occurs from the semiconductor to the metal when they have sufficient thermal energy to
cross over the potential barrier at the metal/semiconductor interface. The net transport is
given by Eq. 2.3.
 qφ B 
−

2  kT 

J = A*T e


  qV


 e  kT  − 1





(2.3)

where A* is the Richardson constant given by Eq. 2.4, k is the Boltzmann constant, V is the
applied forward bias and the other symbols have their usual meanings. In Eq. 2.4, m* is the
effective mass of the majority charge carrier and h is the Planck constant.
A* =

4πqm * k 2
h3

(2.4)
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In cases where the majority carriers do not have sufficient energy they may still be
able to quantum mechanically tunnel through the barrier from the semiconductor to the
metal. This may happen for operation at low temperatures or if the doping in the
semiconductor increases resulting in a decrease in the depletion width. This is called ‘field
emission.’ For heavily doped semiconductor or for operation at low temperatures, the barrier
may be thin enough that field emission dominates the thermionic emission current. The net
current transport by thermionic and field emission may be given by Eq. 2.5.
 qφB   qV 
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(2.5)

where A** is the effective Richardson constant and n is the ideality factor given by Eq. 2.6.
n≡

q ∂V
kT ∂ (ln J )

(2.6)

Current transport may also occur due to recombination of electrons and holes in the
space charge region via localized states within the band gap [60]. The recombination current
may play a significant role when the barrier to carrier transport at the metal/semiconductor
interface is high. The transport in this case is given by Eq. 2.7, where ni is the intrinsic carrier
concentration, W is the depletion width and τ is the minority carrier lifetime within the
depletion region.
J =

qV
qV
−
qniW 2 kT 
e
1 − e kT

2τ







(2.7)

In cases where the Schottky barrier height for a metal contact to an n-type semiconductor is
high, there may be a higher concentration of holes adjacent to the metal/semiconductor
interface than that in the bulk of the semiconductor. This may cause the holes to drift into
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the space charge region of the semiconductor and further hole injection into the neutral
region of the semiconductor.

2.3 Ohmic Contacts and Specific Contact Resistance
When a metal/semiconductor contact has negligible contact resistance relative to the
bulk or spreading resistance of the semiconductor, it is said to have formed an ohmic
contact. A good ohmic contact should not significantly perturb device performance, and it
should supply the required current with a voltage drop that is sufficiently small compared to
the drop across the active region of the device. The specific contact resistance of ohmic
contacts is given by Eq. 2.8 [62], which is an important figure of merit for ohmic contacts.
−1

 ∂J 
ρc = 

 ∂V V =0

(2.8)

If the semiconductor is not heavily doped, a thermionic emission current may
dominate the current transport. In this case, the ohmic contact formation may occur by a
reduction in barrier height through specific design of the contacts with an appropriate choice
of materials and annealing conditions. The specific contact resistance (ρc) is then given by
Eq. 2.9 , where k is the Boltzmann constant, q is electronic charge, A* is the Richardson
constant and the other symbols have their usual meanings.

ρc =

qΦ

b
k
e kT
qA * T

(2.9)

Clearly, a low barrier height is necessary to keep the contact resistance to a minimum.
For contacts to heavily doped semiconductors, the tunneling of carriers will be the
dominant mechanism for current transport. In this case, the specific contact resistance is
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given by Eq. 2.10 , where ћ (= h/4π) is the reduced Planck constant, εs is the dielectric
constant of the semiconductor and ND is donor doping concentration.

ρc ~ e

2 ε s m*  Φ b

 N
h
D







(2.10)

Eq. 2.10 shows that due to the exponent term, the specific contact resistance depends
strongly on the doping concentration in the tunneling regime. For Al and PtSi contacts to ptype silicon, the specific contact resistance is dominated by the tunneling process for doping
concentration greater than 1019 cm-3 and is found to decrease rapidly with doping [59]. For
doping concentration less than 1017 cm-3, the contact resistance essentially is independent of
doping and can be decreased by designing suitable contacts. High doping concentration, low
barrier height, or both must be used to obtain low values of ρc and these are essentially the
approaches used to design ohmic contacts.

2.4 Contact Metallization for Ohmic Contacts to Silicon Nanowires
As described in the last section, an appropriate choice of a contact metallization is an
essential step in the design of low contact resistance ohmic contacts to less heavily doped
semiconductor devices. Metals in general have high conductivity. A quick review of the
literature available on contacts shows that practically all commonly available metals and their
alloys thereof have been used as contacts to various semiconductors. Some of them that
have been studied rather extensively for silicon based devices are Al, Au, Pd, Al, Mg, Ni, Pt,
Ag, Cu, Fe, Rh, V, Mo, Cr, Hf, Zr, Ti, Ta, Nb, W, and Co [63,64].
It is worth mentioning, though, that most of these metals have certain limitations
owing to their physical and/or chemical properties that restrict their use to certain
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semiconductors or manufacturing processes. Table 2-1 lists the contact metals along with
some of the limiting criteria [63]. Noticeably, all metals have high diffusivity in silicon, which
can be a drawback. Silicon, too, has high diffusivity in some metals especially in the case of
Al where interdiffusion upon post-fabrication annealing may result in contact spiking leading
to catastrophic device failure. Al contacts may also be susceptible to electromigration while
the device is in use, which may cause slow but steady device degradation and possible failure
[65]. Metal contacts with low and medium eutectic temperatures in their phase diagrams with
silicon, if subjected to processing or annealing at temperatures higher than their eutectic
temperatures at or near their eutectic compositions, may also lead to abnormal device
degradation. Yet, some other metals with low melting points, high oxidation rate, poor
chemical stability, undesirable interaction with SiO2 or poor etchability pose threats to device
performance and stability at different stages of device fabrication and/or use. Hence, it is
critical to carefully select and optimize a contact metallization for any particular device
application through a careful consideration of chemical reactivity, interdiffusion, mechanical
and electrical properties and electromigration at the metal/semiconductor interface [66].
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Table 2-1: Limitations of contact metals [63,64]
Limiting criteria
Low eutectic temperature (< 800 °C)
Medium eutectic temperature (800-1100 °C)
High diffusivity in Si
High oxidation rate, poor oxidation stability
Low melting point
Interaction with substrate or polysilicon at
temperature less than 450 °C
Interaction with substrate or polysilicon at
temperatures up to 1000°C
Interaction with SiO2
Poor chemical stability, especially in HF containing
solutions
Poor etchability
Electromigration problems
Contact spiking due to interdiffusion

Metals
Au, Pd, Al, Mg
Ni, Pt, Ag, Cu
All
Refractory metals, rare earths,
Mg, Fe, Cu, Ag
Al, Mg
Pt, Pd, Rh, V, Mo, Cr
All
Hf, Zr, Ti, Ta, Nb, V, Mg, Al
Refractory metals, Fe, Co, Ni, Cu,
Mg, Al
Pt, Pd, Ni, Co, Au
Al
Al

Owing to the disadvantages of certain metals in forming reliable contacts, their metal
silicides have been investigated quite extensively. The ФB of silicide contacts have been
shown to vary from 0.55 eV for ZrSi2 to 0.94 eV for IrSi3 on n-type Si [63]. Furthermore,
they have very interesting properties making them suitable to be considered for several
device applications [64]. In general, metal silicides have low resistivity and lower contact
resistance to silicon compared to their metal counterparts. They form shallow junctions with
minimal junction penetration which makes them suitable for gate metallization. They are
easy to form and easy to etch for pattern generation. Low stress, good adherence and surface
smoothness cause these silicides to possess excellent mechanical stability. In general, they are
quite stable in oxidizing environment but they may get oxidized under high temperatures
and/or high partial pressure of oxygen. Many of the metal-rich silicides do not react with the
overlying metallization or the interconnects in the circuit. They have also been found to be
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stable throughout processing, including high temperature annealing, wet or dry oxidation,
gettering, passivation via application of phosphorus glass (or similar material) and
metallization, hence preventing contamination of devices, wafers or working apparatus.
Thus, metal silicides are a significant viable alternative to metals in forming contacts to Sibased devices. The scope of silicide formation with respect to titanium- and cobalt-based
contacts to the Si nanowires had been explored as will be discussed in subsequent chapters
of this thesis.

Chapter 3
Scientific Objectives and Research Stages
The research reported in the present thesis had been undertaken with certain specific
objectives and was carried out in several developmental stages. There was also significant
collaboration with researchers and academicians in various groups within the Pennsylvania
State University on critical as well as mutually supporting areas of the research.

3.1 Scientific Objectives
The main goal of this research was to design reliable low-resistance ohmic contacts
for Si nanowires, especially p-type nanowires. This included process engineering,
development and integration of the contacts to Si nanowire-based devices, electrical testing
and materials characterization. A parallel objective of the research was also the development
of new understanding of current transport through those experimentally designed contacts.

3.2 Stages of Research
The research on this thesis was carried out in several stages. Preliminary experiments
constituted fabrication of Al contacts to unintentionally doped p-type Si nanowires. The
nanowires were synthesized by researchers in the Redwing group. Two-point probe currentvoltage measurements and post-fabrication annealing experiments were performed to
increase the conductivity through the contacts. Though the annealing was found to be useful
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at low temperatures, it led to more degradation in the overall device characteristics when
performed at higher temperatures, which was deemed necessary to improve device
performance.
Simultaneously, Co/Si nanowire heterostructures with superior morphology were
fabricated with the objective of developing Co silicide contacts to the then available
nominally doped p-type Si nanowires. Materials characterization of these nanowires shed
significant light to the diffusion processes and defect density within the nanowires, besides
helping gather data on the structure-property correlations regarding the heterostructure
nanowires. The presence of Au in undesirable locations within such heterostructures was
also identified as a threat to device performance.
Alternative means to improve current conduction lead to advances in process
engineering through the development of surface treatment recipes to remove the native
oxide prior to deposition. Modifications were further made to the wafer die preparation
scheme to improve the dielectric etch controllability through the incorporation of additional
lithography steps. The dielectric used in preparation for the nanowire assembly step was also
altered from a spin-on-glass (SOG)-based process flow to a Si3N4-based process flow.
Several design changes were also incorporated in the lithography masks and new ones were
prepared to move from a process flow that allowed a two-point probe test structure to one
that allowed a more useful four-point probe test structure. These modifications were
primarily led by researchers in the Mayer group.
Concurrent advances in the template synthesis process by researchers in the Redwing
group led to the capability to prepare templates of increasingly smaller pore dimensions
while maintaining pore diameter integrity. This helped in the synthesis of Si nanowires of
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increasingly smaller diameter. Materials characterization of these nanowires provided more
information about the structure of the Au ends of the nanowires and diffusion of Au along
the length of the nanowire during the growth process. A doping process was also developed
within the Redwing group around the same time to facilitate synthesis of p-type (and more
recently, even n-type Si nanowires.
Simultaneously, several different metallizations based on Pd, Ti/Au and Co/Al were
studied as contacts to the p-type Si nanowires. Yet other metallizations based on Ti/Au and
Er/Al were studied as contacts to n-type nanowires. Two-point probing and annealing
experiments were carried out in unison with the aim of optimizing a contact metallization
scheme. Four-point probe measurements were subsequently performed for devices
prescreened by the two-probe probing and annealing treatments for all contacts showing
reproducible high conductivity. These were facilitated by advances made by researchers in
the Mayer group toward developing and optimizing a sub-200 nm contact fabrication
process flow using the higher resolution capability of electron-beam lithography (EBL).
At this point it became important to be able to extract the essential parameters for
the contacts that were being designed. This led to the development of a framework for the
nanowire-based geometries in accordance with the general framework of the transmission
line model, which is used for making valuable estimates from data on contacts to planar
semiconductor devices. This framework, called the nanowire transmission line model, was
then used to establish the validity of the data obtained from electrically testing the newly
designed and optimized Co/Al-based contacts to the p-type Si nanowires. Subsequently,
numerous devices were measured to create a huge pool of data that would help identify
trends in improvement of the contacts and also help explain the nature of variation within
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the large sets of measurements undertaken. Efforts were also directed to optimize the Er/Al
contacts to the n-type Si nanowires.
It was observed around that time that a statistically significant number of devices had
open-circuit signals upon two-point probing from one or more contacts connected to them.
This issue generated inefficiency and proved to be a huge hindrance to the research efforts
that followed the use of the new model. To resolve the problem, a matrix-based approach
was first used to isolate a set of unique defective conditions that could then be verified by
materials characterization. Once the possibilities were clearly identified, the suspected
devices (essentially nanowire segments) and/or the associated contacts were easily isolated
by carefully screening the electrical data. Subsequent attempts to prepare cross-sectional
samples using a focused ion beam (FIB) for examination using transmission electron
microscopy (TEM) were complicated due to field oxide charging issues. Other approaches to
failure analysis, however, proved more effective when combined with the use of scanning
electron microscopy (SEM). Al contacts on p-type Si nanowires, for example, were subjected
to etch-back experiments to investigate contact spiking into the Si segment of the nanowires.
As described above, and mentioned at the beginning of the section, the research was
indeed carried out in several developmental stages. Overall, considerable progress was made
and some significant milestones were established in processing and evaluation of contacts to
undoped (nominally p-type), p-type and n-type Si nanowire-based devices. These have been
elaborated upon through the course of the next few chapters.

Chapter 4
Experimental Procedures and Analysis Techniques
The processing schemes, process issues, electrical testing methods, and materials
characterization techniques that were adopted to perform the research in this thesis is
described in brief in the following sections.

4.1 Experimental Procedures
The entire fabrication process from the beginning to the end comprised of mask
designing, wafer cleaning, thermal oxidation, UV photolithography, electron-beam
lithography, oxygen-plasma cleaning, metal or dielectric layer deposition, lift-off, etching and
nanowire assembly, not necessarily in the order that is presented. Each of these is a unit
process with its independent sets of parameters that were optimized to ensure a smooth
error-free transition from one fabrication sequence to the next. The unit processes that
needed to be performed multiple times in one fabrication cycle (beginning from wafer to
final die) were UV photolithography, oxygen-plasma clean, metal deposition, lift-off and
etching. Even so, tight control on the design rules meant each preceding step needed to be
performed with utmost precision for the following step and ultimately all the dies (or cells)
in the wafer to be fully functional as desirable. In the following sections, some selected unit
processes from those mentioned above will be discussed briefly with the perspective of
synthesizing contacts to the Si nanowires.
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4.1.1 Sample Fabrication Unit Processes

4.1.1.1 Lithography Mask Design
UV photolithography was used for the initial to middle stages of wafer die
preparation to define patterns for the purposes of metal deposition or etching. The
photolithography masks containing the various patterns were designed beforehand using LEdit predominantly by researchers in the Mayer group. Several different mask-sets were used
throughout this thesis research. As modifications were made in the process-flow new masks
replaced some of the old masks with improvement in features. Other masks were simply
archived since the patterning steps were omitted from the fabrication sequence. Yet, on
many occasions, new masks have been added to include new patterning steps. In this
section, a chronological sequence of the most important masks used in a generic processflow will be presented followed by a discussion of one specific process-flow.
Figures 4.1 and 4.2 show the L-Edit layout drawings of the most commonly used
‘bus-bar’ and the ‘alignment/probe-pad’ masks, respectively. The bus-bar mask was the first
mask that was used for patterning the wafer with the purpose of creating the initial
conductive layer on the field-oxide required later for the electric field-assisted nanowire
assembly described in Section 4.1.1.5. As seen in Figure 4.1, the pattern consisted of busbars alternately connected to pairs of symmetric columns of interdigitated electrodes
connected in series. This pattern spanned the entire die and comprised of ten pairs of
columns and ten rows of interdigitated electrodes. Each bus-bar ended in a large rectangular
pad, one placed at the top and the other at the bottom of the die.
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Figure 4.1: ‘Bus-bar’ mask for process-flows I – IV.

Figure 4.2: ‘Alignment/probe-pad’ mask I for process-flows I – IV.
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The purpose of the alignment/probe-pad layer I was two-fold. Firstly, it was used to
facilitate the electric field-assisted nanowire assembly (Section 4.1.1.5). Secondly, it was
required to perform two-point probe measurements on the Si nanowires directly for processflows I – III, and later used to connect the electrodes patterned by electron-beam
lithography to the large probe-pads for process-flow IV. The layout of the alignment/probepad mask, shown in Figure 4.2, comprised of symmetrically placed horizontal rectangular
probe-pads and asymmetrically placed transverse square probe pads. The separation between
the horizontal probe-pads at their constricted extremities, hereby referred to as the
‘electrode-fingers,’ was constant at 10 µm for all the hundred pairs of electrodes for the
process-flow I. But, for the latter process-flows, it was varied from 6 µm in the first three
pairs of probe-pad columns from the left of the L-Edit layout drawing and 8 µm in the next
four pairs of probe-pad columns to 10 µm in the last three pairs of probe pad columns
toward the right of the layout drawing. It is worth mentioning here that the final separation
of the electrode-fingers was found to be lesser than originally designed to be due to optical
proximity errors associated with the optical-aligner tool and resist process used for the
photolithography steps. The alignment/probe-pad layer was precisely matched to the
underlying bus-bar layer in a way that when viewed in the top view with the former layer
lying on top of the latter layer, the alternating separated horizontal electrodes in the
alignment/probe-pad layer were placed exactly on top of the interdigitated electrodes in the
bus-bar layer in a one-to-one fashion. Another prominent feature of the alignment/probepad mask I consisted of the pairs of asymmetrically placed transverse square probe-pads. As
seen in Figure 4.2, one such pair was present corresponding to each pair of horizontal
rectangular probe-pads, with one square pad present on either side of the line of the
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rectangular probe-pad electrode-fingers. The leads extending from the square pads could be
connected by electrodes fabricated via electron-beam lithography to the nanowires to
perform multi-point probe measurements as described in Chapter 7.
The L-Edit layout drawings for the ‘via’ mask and ‘SOG removal’ mask are shown in
Figures 4.3 and 4.4, respectively. Both the masks were essentially employed to etch the
dielectric coating and expose the rectangular pads in the bus-bar layer required for the
electric field-assisted nanowire assembly (Section 4.1.1.5). Via mask I had two large
rectangular openings, one each at the top-left corner and the bottom-right corner of the
layout cell. When aligned precisely with respect to the bus-bar layer and on top of it, the
rectangular openings were defined to lie precisely within the large rectangular pads in the
bus-bar layer when viewed in the top-view. The layout of the SOG removal mask was
modified substantially from that of the via mask to maximize the removal of the dielectric
coating and retain it only on top of the conductive metallization in the bus-bar layer thus
isolating it from that in the overlying alignment/probe-pad layer. This latter mask only had
limited shading surrounding the pattern of interdigitated electrodes in the bus-bar layer to
achieve the desired patterning on the dielectric coating. A top-view of the layout in
Figure 4.4 in perspective of the layout in Figure 4.1 will help visualize the process-flow.
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Figure 4.3: ‘Via’ mask for process-flow I.

Figure 4.4: ‘SOG removal’ mask for process-flow II – IV.
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Figures 4.5 and 4.6 show the L-Edit layout drawings for ‘anchor’ mask I and the
electrodes of anchor mask II, respectively. These and the subsequent masks were used for
patterning in the latter stages of the process-flows I – III, after the nanowires had been
aligned using the electric field-assisted assembly (Section 4.1.1.5). Similar to the
alignment/probe-pad layer, the purpose of the anchor layer was essentially two-fold. Either
anchor mask had the first intended purpose of anchoring the nanowires in place after they
had been aligned between the electrodes in the alignment/probe-pad layer, thus preventing
loss of the nanowires during subsequent processing stages. The other very significant
purpose was to open windows that would enable etching of the native oxide on the Si
nanowire immediately prior to metal deposition. This was essential to achieve an intimate
contact with the underlying silicon nanowire upon metal deposition.

Figure 4.5: ‘Anchor’ mask I for process-flow II.
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Figure 4.6: ‘Anchor’ mask II electrodes used in process-flow III.
As seen in Figure 4.5, the anchor mask I had large openings in the shape of the
openings for the electrodes in the alignment/probe-pad layer and coinciding with the same
electrode-openings in the alignment/probe-pad layer in the top-view. Thus, once patterned,
the anchor layer I entirely overlaid the electrode-pattern in the alignment/probe-pad layer.
Upon metal deposition, the electrode-fingers in the former layer effectively anchored the
nanowires aligned during the preceding nanowire-assembly stage. However, as pointed out
previously, it is noteworthy that the final separation between the electrode-fingers upon
metal deposition was again found to be lesser than the features in the original design due to
optical proximity errors related to the aligner tool.
The anchor mask II differed significantly in design compared to the anchor mask I.
The electrode-openings in the mask, as seen in Figure 4.6, were modified to connect, upon
patterning and metal deposition, one electrode each to each of the two electrode-leads
protruding from the top and the bottom square pads in the alignment/probe-pad layer. Each
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of these electrodes in the anchor layer II was thus designed to provide a more intimate
contact with the underlying nanowire while maintaining the nanowire in position.
In the last stages of this thesis, a new process-flow V was introduced that was based
on eliminating the dielectric layer altogether and merge the bus-bar and the
alignment/probe-pad layers into one composite layer. This was implemented through design
of the alignment/probe-pad mask II. Figure 4.7 shows the L-Edit layout drawing of the
same mask. The electrode-openings in the original alignment/probe-pad mask I were
connected in series by bus-bars in the original bus-bar mask. The electrode-pads in the
alignment/probe-pad layer II then embodied the pattern of alternately connected pairs of
columns of interdigitated electrodes that formed the basis of the bus-bar layer combined
with the pattern of differently spaced probe-pad-cum-electrode-finger pairs that formed the
basis of the original alignment/probe-pad mask I. However, the electrode-finger separations
were also modified to omit the ones with the 6 µm separation completely. Instead, the first
five pairs of columns had an electrode-finger separation of 8 µm and the last five had the
same separation to be 10 µm by design.
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Figure 4.7: ‘Alignment/probe-pad’ mask II for process-flow V.
Also introduced simultaneously was another mask called the ‘cut’ mask, the L-Edit
layout drawing of which is shown in Figure 4.8. The purpose of the mask was to eliminate
the metal bus-bars connecting the probe-pads in the alignment/probe-pad layer II.
Accordingly, the features on the cut mask were designed to essentially overlie the bus-bar
lines between the probe-pads in the alignment/probe-pad layer II. Upon patterning using
this mask and etching the metallization in the bus-bars, the probe-pads in the
alignment/probe-pad layer II could be isolated electrically.
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Figure 4.8: ‘Cut’ mask for process-flow V.
The UV photolithography masks used in the various process-flows were all ‘hard’
masks, which means that they were composed of chrome or soda-lime glass. A different
variety of masks were used to pattern the wafer using electron-beam lithography (EBL).
These masks essentially comprised of instructions or program codes that were fed to the
EBL tool in order for it to ‘write’ the EBL mask pattern, one die at a time, on the entirety of
the wafer. This process was used to pattern the sub-200 nm electrode leads that were used to
connect to the Si nanowires in process-flows III and IV. Figure 4.9 shows the L-Edit layout
drawing of one of the pairs of electrodes within the EBL ‘four-point probe’ mask. There
were hundred such pairs integrated into one EBL mask pattern such that each of the two
electrodes in any pair were connected, upon patterning and metal deposition, to only one of
the two electrode-leads protruding from the top and the bottom square pads in the
alignment/probe-pad layer II. The electrode-pairs were designed to have the same
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separation of 2 µm irrespective of the different separations of 6, 8 and 10 µm between the
probe-pad-cum-electrode-fingers in the alignment/probe-pad mask II as described above.
This was done to be able to measure and directly compare the nanowire resistivities without
having to take into account the lengths of the nanowire segments between the EBL
electrodes under the assumption that their diameters were approximately constant.

Figure 4.9: ‘Four-point probe’ mask for process-flow IV.
Recall the development of the nanowire transmission line model mentioned in
Section 3.2. This directly motivated the construction of new EBL masks that were more
suitable to extract the targeted parameters like the nanowire resistivity and the specific
contact resistance of the contacts to the nanowires. One of such masks was the
‘multicontact’ mask. The L-Edit layout drawing of one of the configurations of four
electrodes in that EBL mask is shown in Figure 4.10. The separations between the adjacent
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electrodes in that mask were varied in accordance with the different separations between the
probe-pad-cum-electrode-fingers in the alignment/probe-pad mask II unlike the ‘four-point
probe’ mask detailed previously. Table 4-1 lists the separation between the contiguous
electrodes in the multicontact mask I corresponding to process-flow IV as a function of the
electrode separations in the alignment/probe-pad mask I. The width of the electrodes in the
multicontact mask was designed to be 200 nm at their most constricted ends contacting the
Si nanowires. However, as discussed previously, in the case of EBL too, electron-beam
related limitations associated with the EBL tool and the double-layer resist process
(comprising of copolymer as the base layer and polymethylmethacrylate (PMMA) as the top
layer) were found to increase the width of the electrodes upon patterning.

Figure 4.10: ‘Multicontact’ mask I for process-flow IV.
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Table 4-1: Electrode-to-electrode separation in the ‘multicontact’ masks I and II as a
function of electrode separation in the ‘alignment/probe-pad’ masks I and II, respectively
Process-flow III
Electrode separation in ‘alignment/probeAdjacent electrode separations in
pad’ mask I (µm)
‘multicontact’ mask I
ℓ1 (µm)
ℓ2 (µm)
ℓ3 (µm)
6
1.5
1.0
0.5
8
2.0
1.5
1.0
10
3.0
2.0
1.0
Process-flow IV
Electrode separation in ‘alignment/probeAdjacent electrode separations in
pad’ mask II (µm)
‘multicontact’ mask II
ℓ1 (µm)
ℓ2 (µm)
ℓ3 (µm)
8
2.0
1.5
1.0
10
3.0
2.0
1.0
As mentioned previously in Section 3.2, a poor edge-definition of the EBL
electrodes associated with the Co/Al metallization schemes was observed. The narrow (200
nm) designed width of the electrodes in the multicontact mask I was suspected to further
complicate the precision of the lift-off process. To address that issue, the multicontact mask
I was modified to increase the width of the electrodes (again at their most constricted ends
contacting the Si nanowires) and design changes were incorporated to allow a gradual
tapering of the electrodes. The resulting ‘multicontact’ mask II with wider 300 nm electrodes
is shown in Figure 4.11. In order to ensure forward compatibility of the new process-flow V,
the separations between the contiguous electrodes in the multicontact mask II were also
customized to accommodate the design changes in the alignment/probe-pad mask II, and
are listed as a function of the electrode separations in the latter mask in Table 4-1.
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Figure 4.11: ‘Multicontact’ mask II for process-flow V.
Now that the masks used for the process-flows have been described briefly, it will be
easier to comprehend the actual process-flows. These have been listed in the form of
process-flows I to V in Appendix Section A.2. For ease of understanding, process-flow I will
be discussed in detail in Section 4.1.2. Process-flows II –V were essentially variations of
process-flow I. These variations will be highlighted in the sections that describe sample
preparation using those process-flows.

4.1.1.2 Wafer Cleaning and Oxidation
For an initial extended part of this thesis research, undoped or p-type Si substrates
had been used for sample fabrication. The substrates in the form of 3” wafers were first
inspected for their thickness and bulk resistivity values. Next, a set of twenty-five wafers
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were first cleaned using a standard cleaning procedure comprising of SC1 and SC2 as
specified in Appendix Section A.1. These were variations of the industry standard cleaning
sequences customized for the sample preparation standards for the thesis research. After the
cleaning process, the wafers were loaded in an oxidation furnace. A dry or wet oxidation was
then carried out as determined at the onset of the wafer fabrication in ultra high pure (UHP)
device grade O2 at 1100-1150 °C for about 12 hrs, or 900-950 °C for about 8 hrs,
respectively. For wet oxidation, steam was let into the furnace through a glass feed-through.
The thickness of the oxide in either case was measured by ellipsometry to be approximately
1 µm. The wafers were then stored in air-tight containers within a desiccator for future use.

4.1.1.3 Photolithography
Ultraviolet (UV) photolithography was used quite extensively during the fabrication
process to pattern the previously formed layers both for metal deposition and etching. The
lithography process for creating the bus-bar and/or alignment/probe-pad and/or the anchor
layers in any of the process-flows I-IV involved a positive-tone photoresist, BPRS 100. Prior
to spinning the resist, the new or partially fabricated wafer was degreased in acetone and
then IPA for 1 min each, followed by drying in dry N2. To rid the wafer of any moisture, the
wafer was usually hard-baked at 100 °C for 5 min. Subsequently, BPRS 100 resist was spun
on the wafer at 4000 rpm for 40 s to a thickness of approximately 100 nm. The wafer was
then soft-baked at 115 °C for 90 s to set the resist properties. UV exposure was usually
carried out using a Karl Suss aligner for 0.5-0.6 min at an intensity of 3 mW/cm2 followed
by developing in the PLSI 3:1 developer for 55-60 s.
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In case of patterning the SOG dielectric layer using the via mask in process-flow II
or the SOG removal mask in process-flow III, a thicker positive photoresist, Shipley 1827,
was employed instead of BPRS 100. The lithography process was similar to that using BPRS
100. However, the soft-baking was done at 100 °C for 60 s followed by UV exposure for 1
min at 3 mW/cm2 and the resist was finally developed for 55-60 s in a freshly prepared
solution of 351 developer and DI water in the ratio of 1:5.
The quality and reproducibility of lithography process was always verified by a
thorough visual inspection of the entire wafer or a sample cleaved from it using an optical
microscope. This was especially significant since the success of the subsequent processing
steps and the final test structure was dependent to a large extent on the precision of the
steps preceding them. Following UV lithography, all samples were cleaned using an oxygen
plasma as described in Section 4.1.1.4.

4.1.1.4 Reactive Ion Etching
Even while the UV lithography was performed in a well controlled manner, there
was still always a little likelihood of some photoresist remaining in unwanted regions of the
lithographed pattern. This was because of the inherent non-uniformity associated with the
wet chemistry of the photoresist developing process. A Plasma Technology reactive ion
etching (RIE) system was employed to remove the residual photoresist via an oxygen plasma
cleaning step. Effective descumming of the BPRS 100 and the Shipley 1827 resists was
attained when the plasma was sustained at 25 W for 1 min using a flow rate of O2 of 750
sccm. When e-beam lithography (Section 4.1.1.7) was used instead, the plasma cleaning time
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was limited to only 15 s, since the etch rate of the double-layer copolymer-PMMA resist
used in the process was much higher than the UV lithography resists, viz. BPRS 100 and
Shipley 1827. The oxygen plasma clean was always followed by a visual inspection of the
wafer to verify both the uniformity of the plasma cleaning process and the overall precision
of the lithography step.
Additionally, RIE was also used to etch away the spin-on-glass (SOG) dielectric layer
after it was patterned using the via mask in process-flow II and the SOG removal mask in
process-flow III. In either case, a dry etch process involving an O2-CF4 plasma with a flow
rate of O2 at 77 sccm and that of CF4 at 332 sccm was employed for 6 min at 100 W to
achieve complete removal of the SOG layer. This was verified by visual inspection and also
electrical testing using a probe-station.
For electrical testing, two probes were placed very gently on any one large
rectangular pad of the bus-bar layer. If a short-circuit signal was registered on applying a bias
it indicated complete removal of the SOG layer in that region of the wafer. Else, if a low
current, of the order of 10-100 fA was registered, the etching of the SOG was deemed
incomplete. Such a two-point probe testing was performed at least at ten different relevant
locations across the patterned wafer surface. In case residual SOG was detected in unwanted
regions, RIE using the O2-CF4 plasma was further continued in steps of 1 min until
complete removal of the SOG was achieved from all the patterned regions on the wafer.
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4.1.1.5 Electric Field-Assisted Nanowire Assembly
One essential objective of the research was to make contacts to a statistically
significant number of Si nanowires per wafer in the most efficient manner. To achieve this,
systematic process-flows were adopted as signified by Appendix Section A.2 and Section
4.1.2. With reference to Figure 4.1, if the large electrode pads connected to the bus-bars at
the top and the bottom of the die were subjected to an alternating current (AC) signal, the
electric field was instantaneously transferred to the interdigitated electrodes connected in
series. Thus, in the bus-bar layer, each of electrode-pads in any one column had an opposite
charge compared to the corresponding electrode-pads in the facing column. Then, if the
probe-pads in the alignment/probe-pad layer I (Figure 4.2) were lying precisely on top of
those in the bus-bar layer in a one-on-one fashion as mentioned earlier in Section 4.1.1.1, but
separated only by a dielectric medium in between the two layers, the probe-pads in the
alignment/probe-pad layer I could be capacitively coupled with the electrode-pads in the
bus-bar layer. This meant that if an electrode-pad in the bus-bar layer were charged positive,
the corresponding probe-pad in the alignment/probe-pad would be charged negative and vice
versa. Thus, the probe-pads in one column within the alignment/probe-pad layer I would
have a charge opposite to that of the probe-pads in the facing column within the same layer.
Given the above condition, if a nanowire were somehow caught in the high frequency AC
field between the constricted electrode-fingers of the alignment/probe-pad layer I, it would
undergo instantaneous polarization. Furthermore, its polarization might resonate with the
frequency of the applied AC field at low frequencies but not at higher frequencies via a
process called ‘dielectrophoresis.’ Then, if the nanowire were long enough to at least span
the separation between the electrode-fingers in question, it would eventually be captured by
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virtue of electrostatic attractive forces between it and those fingers. Ideally, that was
expected to diminish the magnitude of or even completely negate the electric field between
the electrode-fingers further precluding the capture of any other prospective nanowire. Thus,
if a small quantity of suspension (2-5 µL) with a carefully controlled density of nanowires in
a non-polarizable solvent such as IPA or ethanol was dropped on the die with the large
rectangular pads on the bus-bar connected to the output of an AC voltage source-cumfrequency generator, a large number of electrodes in the alignment/probe-pad layer could be
simultaneously populated with the nanowires dispersed from within the rapidly expanding
droplet. That was the essence of the electric field-assisted nanowire assembly (or alignment)
process.
A major advantage of the electric field-assisted assembly was that it was site-specific
and self-limiting in nature. It facilitated the rapid alignment of nanowires on the entire wafer
with the use of a small quantity of the original nanowire suspension. Since it was performed
one die at a time, it was also called ‘cell-by-cell’ assembly (after the ‘cell’ structure of L-Edit
Pro mask design-layout). A serious disadvantage of the process was that since it was a
probabilistic process, there were many sites which were populated by multiple nanowires per
site instead of only one which was desirable. More often than not, the nanowires were also
found to be present at an angle rather than horizontally aligned to the line of the electrodefingers, which was detrimental to the subsequent processing steps. That apart, nanowire
suspensions were often found to contain residues from the alumina membranes (when the
nanowires were synthesized by the template-assisted growth) and other metallic and organic
particulates from prior processing stages, which posed a serious threat to the efficacy of the
electric field-assisted assembly process.
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Although the process is probabilistic in nature, it involved certain adjustable process
variables such as the type of nanowires (p- or n-type), doping concentration, density of the
nanowire suspension, nature of the suspension medium (IPA or ethanol), strength of the
dielectric medium, and magnitude and frequency of the applied electric field. These variables
were carefully optimized for each wafer process-flow and the associated samples of
nanowires that constitute the present thesis research.
Contrary to the cell-by-cell nanowire assembly, a variation of the electric fieldassisted assembly process, called the ‘site-by-site’ assembly was also used for aligning
nanowires on the entire wafer. The process-flow leading to the nanowire assembly stage was
condensed with the elimination of the bus-bar layer fabrication and the dielectric deposition
steps such that the alignment/probe-pad layer was directly fabricated on the field oxide of
the Si substrate. Consequently, the nanowires had to be aligned one site at a time for preselected alternately placed electrode-finger-pairs in the respective layer, and hence the name.
The nanowire alignment mechanism was similar to the cell-by-cell assembly process but the
electric field was then applied directly to the probe-pads in the alignment/probe-pad layer.
An implication of that variation was that the self-limiting nature of the electric field-assisted
assembly process was compromised with an increased probability of multiple nanowires
being aligned at the electrode-finger sites. Moreover, it took longer to align the nanowires on
the entirety of the wafer by the site-by-site assembly compared to the cell-by-cell assembly
since only one pair of electrode-fingers was targeted to be populated by a nanowire per drop
of suspension used in the former process as opposed to hundred such sites for the latter
process. The process, therefore, also required a larger quantity of nanowire suspension per
cell. These drawbacks were responsible for partially, and in some occasions, even completely
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offsetting the increase in processing efficiency sought with the truncation of the previously
used process-flow. Therefore, the site-by-site assembly process was of limited use.
Afterwards, a variation of the cell-by-cell assembly process discussed previously was realized.
This led to a new process-flow that superseded all previous process-flows based on either
nanowire assembly techniques and motivated the creation of the alignment/probe-pad mask
II, which is discussed previously in Section 4.1.1.1.
An important parameter to characterize the success of the electric field-assisted
assembly process was the ‘yield,’ which referred to the number of electrode-finger sites on a
die populated by only one measurable nanowire per site. Similarly, a ‘wafer-yield’ could be
determined from the individual yield contributions from all its constituent dies. Wafer-yields
have been found to vary from 10-30 % depending on the process parameters mentioned
earlier in this section.

4.1.1.6 Nanowire Native Oxide Etch
The Si nanowires used for the present thesis research were found to have a 2-5 nm
thick native oxide depending on the diameter and growth conditions of the nanowire
sample. This oxide layer was a barrier to the current conduction across the interface where
the metal electrodes contacted the Si nanowires. Hence, it was mandatory to strip the
nanowires of their native oxide to facilitate reduction in contact resistance and achieve
ohmic contacts whenever possible.
The native oxide removal step was incorporated process-flow III onwards. It was
accomplished subsequent to patterning the anchor mask II via UV photolithography or
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patterning the four-point probe or the multicontact mask via EBL and prior to metal
deposition. In either case, the nanowires were coated with a layer of photoresist (more
precisely, a double-layer resist in the case of EBL) except at regions where the patterning
opened windows for subsequent metal deposition. Then, if the oxide etchant and resists
involved in the process-flow were carefully chosen such that the etchant did not attack the
resists, the native oxide on the nanowires could be effectively removed within these
windows, which is where it needed to be removed anyway for realizing the desired intimate
contacts.
For decades, buffered oxide etch (BOE) has been known to have a highly selective
etching capacity of the native oxide on Si substrates over the substrates themselves assuring
its extended use in the Si-based conventional semiconductor industry. Furthermore, it was
found that both the BPRS 100 photoresist process used for the UV photolithography step
and the double layer process involving the PMMA and PMGI resists used for the EBL step
were compatible with a BOE treatment of the nanowires. Hence, an initial HF-based etch
process soon gave way to a BOE treatment-based process-flow. Subsequently, for processflow III, a 10:1 BOE solution was used to accomplish complete removal of the native oxide
from the nanowires by treating the sample with the nanowires already assembled on it via
the electric field-assisted assembly (Section 4.1.1.5) for 15-20 s. It is worth mentioning here
that the BOE treatment needed to be applied only immediately prior to loading the sample
in a thin-film deposition system (preferably, capable of pumping down to sub-10-6 Torr
range swiftly) to prevent any potential oxide regrowth after the etching step.
A potential disadvantage of the BOE treatment process was that it was difficult to be
controlled it with a high degree of precision. In some cases, the dielectric layer in process-
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flows I and II and the field oxide layer in process-flow III beneath the nanowires within the
opened windows were found to be etched away to a considerable extent by the BOE. That
led to the formation of a gap between the nanowire and the substrate, thus increasing the
nanowire overhang at the patterned windows preceding the metal deposition step for
fabricating the top contacts. Consequently, that also resulted in discontinuities in the
electrode leads patterned using the anchor mask II (Figure 4.6), four-point probe mask
(Figure 4.9) or the multicontact masks I or II (Figures 4.10 and 4.11) upon subsequent metal
deposition to thicknesses within the process constraints. To improve process control and
obtain a more uniform oxide etch, the strength of the BOE solution was further reduced to
50:1 and the etching time was extended to 75-90 s for process-flow IV and beyond. A
significant modification incorporated in process-flow IV that motivated the replacement of
the thermally grown field oxide (SiO2) layer (on the p-type Si wafers) with a LPCVD grown
Si3N4 layer (this time, though, on the n++-type Si wafers) also helped in reducing the etch
irregularities to a considerable extent.

4.1.1.7 Electron-Beam Lithography
The anchor mask II shown previously in Figure 4.6 was first used to pattern top
contacts on the Si nanowires via process-flow III. However, limitations of the optical
resolution of the UV photolithography tool allowed the minimum design width of the
electrodes in that mask to be at least 1 µm. Upon lithography and metal deposition the width
of the electrodes were found to be 1.2-1.5 µm. The wider electrodes were unsuitable for the
four-point probe measurements. This was because the current transfer through the
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nanowire-segments beneath the inner voltage-probing electrodes could be appreciably
altered by those very electrodes during the actual measurements, thus potentially increasing
the uncertainty in the measurements. These considerations motivated the design of much
slender electrodes, only of the order of 200 nm or so. Owing to the superior resolution
requirements, the consequent migration from UV photolithography to electron-beam
lithography (EBL) followed. The EBL was performed by researchers in the Mayer group.
The process-flow for the EBL essentially comprised of a double-layer resist process
that allowed very high resolution and was necessary for good lift-off following metal
deposition. The base layer was a copolymer layer which was spun on the wafer containing
the nanowires assembled a priori via the electric field assisted assembly (Section 4.1.1.5). It
was then soft-baked at 150 °C for 90 s to set the resist properties. The top layer consisted of
PMMA, which was spun on the copolymer layer followed by a soft-bake at 180 °C for 90 s.
An Au film, approximately 10 nm thick, was next deposited on the wafer for the actual EBL
to be performed in the nanofabrication facility at the Pennsylvania State University.
A Leica EBPG-5HR EBL tool was used for EBL. The electron-beam energy was set
at 50 keV, and the resist was exposed at µC/cm2, which was sufficient for the copolymerPMMA double-layer resist process. The Au was subsequently etched away chemically. The
entire double-layer resist was then developed in 1:1 solution of IPA and methyl
isobutylketone (MIBK) for 60 s at 20 °C to generate the EBL pattern on the wafer.
Subsequently, the wafer was subjected to an O2 plasma-etch cleaning procedure for 15 s as
described in Section 4.1.1.4. An SEM image of the multicontact probe pattern created this
way is shown in Figure 4.12. Clearly, the pattered electrodes were very slender and had
excellent edge-definition.
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Figure 4.12: SEM image of a multicontact probe-configuration patterned on a wafer by
electron-beam lithography.

4.1.1.8 Thin Film Deposition
In the present thesis research, thin film deposition followed almost all the
lithography steps for metallization or contact formation except when lithography was done
for creating an etch mask for the native oxide removal from the nanowire or dielectric
removal from the wafer. On some occasions, thin films were also deposited to form a
conductive layer to facilitate electrical contact to an otherwise insulating template such as an
Ag thin film on the anodized alumina membranes used for the nanowire growth. Yet, on
other occasions thin films were required as a mandatory process requirement such as an Au
thin film for the double-layer resist process for EBL.
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Sputter deposition was used to deposit Ag on the anodized alumina templates and to
occasionally deposit metallization for the bus-bar layer. A Denton DV-502A sputter tool
equipped with three sputterheads each with a 2” target capacity had been used for these
depositions. The three sputterheads allowed for deposition of multiple layers of metals
without breaking vacuum. The system had the provision for sample rotation to ensure
uniformity in film thickness over the whole sample, which could be measured in situ using a
pre-installed quartz-crystal thickness monitor. Ar was used as the source gas. A base pressure
on the order of 10-7 Torr or sub-10-7 Torr without or with a liquid nitrogen (LN2) source,
respectively, was attainable with this system in about 6-8 hrs.
In general, sputtering was not the best known method to deposit thin films on
intricately patterned photoresists like those generated by the EBL masks due to difficulty
with the lift-off process. Due to the very nature of the process, it was suspected to essentially
damage the precise edge-definition within the lithographed pattern by modifying the resistprofile thus making lift-off difficult. Hence, for most of the critical thin film applications
within various process-flows such as the bus-bar layer or the alignment/probe-pad layers I
and II, and even for top contact metallizations like the anchor layers I and II, the four-point
probe contact layer or the multicontact layer, either thermal or electron-beam (e-beam)
evaporation was the thin film deposition method of choice.
The e-beam evaporation tool housed in our laboratory was a BOC Edwards Auto
306 system. Similar to the sputtering tool, it was capable of carrying four different metal
sources simultaneously for accomplishing deposition of multiple layers of metallization
without breaking vacuum. An inherent advantage of such a system was that it allowed for
deposition of an environmentally protective coating on top of an otherwise reactive

55
metallization that anyway was known to be a good contact for the nanowires in question,
like the coating of Er contacts to n-type Si nanowires with an Al layer to protect them from
oxidation in air. The system was capable of reaching base pressures as low as 10-7 Torr
without using LN2 and sub-10-7 Torr with the use of LN2 within 8-10 hrs. Film thickness
could be determined in situ using a quartz-crystal thickness monitor and its consistency over
the entirety of the sample could be ensured by using a pre-installed rotating specimen holder.
Almost all of the thin film depositions in this thesis research had been performed using the
e-beam tool.
Thermal evaporation was also occasionally employed to deposit thicker metal films.
For this purpose, a customized system from Kurt Lesker with provision for two thermal
sources allowing two different metal depositions without breaking vacuum was used. The
system had the capacity to reach sub-10-6 Torr base pressure in 6-8 hrs of pumping down.
The metal source could be in the form of wires in which case a tungsten filament was used
to wind the metal wire around it in as small a pitch as possible to maximize the amount of
source on the filament. In other cases, the metal source was in the form of pellets. In this
case, a ceramic boat or a metallic boat, sometimes even coated with a layer of non-reactive
material was used like an alumina coating for Al boats used for Au deposition. For either
type of source, it was essential to ensure that the source metal had negligible reactivity, if
any, with the source carrier boat or crucible within the temperature range suitable for the
deposition. Unlike the sputtering and e-beam evaporation tools, the thermal evaporation tool
had a fixed stage. But, to its advantage, the stage had water cooling capacity that was very
conducive to the deposition of thicker metal films, several hundred nm in thickness, without
having to generate excessive heat on the sample thus preserving the resist profile and
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facilitating a superior lift-off of those films that could otherwise be difficult to lift off easily.
Similar to the previous systems, however, the thermal evaporator, too, had an in situ
thickness monitoring capacity with a built-in quartz-crystal thickness monitor.
Overall, the three deposition systems used in the present research were very effective
in depositing the required thin films for our applications. The thickness monitors within all
the systems were regularly inspected. Periodic calibrations were also performed for all the
materials deposited with each of the systems using a Tencor Instruments Alpha Step 200 or
a KLA-Tencor P-10 automated bench-top profilometer for determining the tooling factors
of all the materials associated with their respective deposition systems.

4.1.1.9 Dielectric Deposition
The process-flows I-III followed in this research required a dielectric layer to aid the
electric field-assisted nanowire assembly as discussed previously in Section 4.1.1.5. Its main
purpose was to electrically isolate the bus-bar layer from the overlying alignment/probe-pad
layer and simultaneously provide an excellent dielectric medium for the desired capacitive
coupling between the two layers. The dielectric medium used initially for process-flows I and
II was a spin-on-glass (SOG), Accuglass 412B, with a dielectric constant (εs) of 3.1 and a
refractive index of 1.38. It was formed by first spin-coating the SOG liquid on the wafer
(containing the previously fabricated bus-bar layer) at 20,000 rpm followed by a soft-bake at
85 °C for 1 min, then another soft-bake at 135 °C for 1 min, and then curing the SOG at
425 °C for 1 hr in N2 in a curing furnace. The curing cycle and its associated temperature
profile in the furnace were carefully controlled using a pre-programmed recipe for the
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formation of an SOG layer of acceptable quality. The thickness of the SOG layer thus
formed was approximately 100 nm. Subsequently, the quality of the SOG layer was
determined electrically at various locations on the wafer via a two-point probe technique
whereby one probe was placed gently on the exposed surface of the dielectric medium and
the other was force-contacted to one of the rectangular pads in the underlying bus-bar layer.
The dielectric leakage currents measured that way were required to be less than 10-13 A for all
such locations, which would confirm that the dielectric layer was uniformly formed
throughout the surface of the wafer and was also very effective with respect to its function
as a dielectric medium which it was originally designed for.
At later stages of this thesis research, it was realized that the SOG layer was being
etched away undesirably to a considerable extent during the BOE treatment. The latter was
used primarily for native oxide removal from the nanowire surface to facilitate formation of
intimate contacts as described in Section 4.1.1.6. In spite of modifications that were
introduced within the process-flow that led to the replacement of the via mask I (Figure 4.3)
with the via mask II (Figure 4.4), the problem persisted. For lack of a better etchant than
BOE that was equally or more effective in its function while being inert to the already
fabricated layers and the following processing steps on the wafer, the latter etchant was
retained for continued use in the various process-flows. Instead, an alternative dielectric layer
was introduced in the form of a Si3N4 layer deposited by plasma enhanced chemical vapor
deposition (PECVD). The layer thickness was maintained at 100 nm for the benefit of
consistency within the affected process-flows. Si3N4 has a dielectric constant of 6-8, which is
higher than that of the specific SOG used for our application. Thus, the Si3N4 layer provided
superior etch resistance to the BOE treatment while improving the properties of the
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dielectric medium. The implementation of the Si3N4 layer became effective process-flow IV
onwards.

4.1.2 Sample Fabrication
Many of the underlying unit processes specific to the process-flows executed in this
thesis research have been explained in somewhat detail in the last section (Section 4.1.1).
This section will now describe an entire process-flow in brief by drawing upon the processes
described in the last section. In doing so, it would be ideal to state at the onset that due to a
large number of process modifications from time to time, the process-flow described below
is at best a representative one. For the exact process-flow specific to a sample, which is
quoted in the respective ‘results and discussion’ section for the sample, the reader is
encouraged to refer to the process-flow tables in Appendix Section A.2. These detail the
corresponding process-flows along with a list of associated process variables and their
values.
The sample fabrication sequence began with the wafer cleaning and oxidation
process (Section 4.1.1.2). Next, a wafer was patterned by photolithography (Section 4.1.1.3)
using the bus-bar mask (Figure 4.1) and the BPRS 100 resist process, and descummed via
oxygen plasma cleaning (Section 4.1.1.4) at 25 W for 1 min. That was followed by visual
inspection of the wafer, which was essential to identify possible errors in patterning and
other process irregularities as and when they occur during the process-flow, and thereafter
attempt to rectify them, if possible. In general, visual inspection was performed routinely at
every step of the process cycle, as mentioned in the process-flows listed in Appendix Section
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A.2, and for the benefit of brevity will not be mentioned explicitly through the remainder of
this section. Following descumming, a Ti/Pd (20/60 nm) layer was deposited by e-beam
evaporation (Section 4.1.1.8). Then, lift-off of the metallization was carried out with acetone
followed by an IPA (30 s) and a DI water (30 s) rinse to form the bus-bar layer. A N2 gun
was subsequently used to blow dry the wafer. It was customary to blow dry the wafer using a
N2 gun after every wet processing step, and hence this routine process, too, would be
omitted from explicit expression in the remainder of this section for the purpose of brevity.
The SOG (or the Si3N4) dielectric layer was later deposited on the wafer following the
method described in Section 4.1.1.9.
At this stage, the wafer was ready for the second photolithography step (Section
4.1.1.3). It was patterned using the SOG removal mask (Figure 4.4) and a Shipley 1827 resist
process, and descummed as mentioned above. For a dry-etch process (optimized only for
SOG), the wafer was subjected to RIE (Section 4.1.1.4) at 100 W for 6 min with flow-rates
of O2 and CF4 gases at 77 sccm and 332 sccm, respectively. For a wet-etch process
(optimized for either SOG or Si3N4), the wafer was first hard-baked at 110 °C for 5 min to
regress the dissolution properties of the Shipley 1827 photoresist. Subsequently, a 10:1 BOE
treatment was applied for 120-160 s (60-80 s for Si3N4) to etch away the SOG (or the Si3N4)
layer from within the patterned windows on the wafer. Two-point probe testing was
performed to ensure the complete removal of the SOG (or the Si3N4) uniformly from the
entirety of the wafer. The photoresist layer was then removed using acetone (30 s) and IPA
(30 s) along with sonication using an ultrasonic bath.
Another step of UV photolithographic patterning of the wafer, this time using the
alignment/probe-pad mask I (Figure 4.2) and a BPRS 100 resist process as before, followed.

60
The wafer was descummed as before and a Ti/Au (20/80 nm) layer was subsequently
deposited via e-beam evaporation (Section 4.1.1.8). After lift-off of the metallization as
described before, two-point probe testing was again done to ensure that the leakage current
through the dielectric layer was within the acceptable upper limit of 10-13 A. At this stage, the
wafer was ready for nanowire assembly.
The first step toward nanowire assembly was preparing the nanowire suspension.
Whenever the nanowires were grown in the AAO membranes, the suspension was prepared
by ultrasonically ‘harvesting’ the nanowire segments extending out from within the pores of
the AAO membranes in an IPA solution. Similarly, if the nanowires were grown using Au
nanoparticles on Si or SiO2 substrates, the latter were ultrasonically agitated to release the
nanowires in an IPA solution thus forming the desired suspension. Subsequently, nanowire
alignment was performed between the electrode-fingers of the alignment/probe-pad layer
via the electric field-assisted assembly process (Section 4.1.1.5).
Top contacts were fabricated on the nanowires following the nanowire assembly
process. If the wafer needed to be patterned by the anchor mask I, then UV lithography
based on a BPRS 100 resist process was employed, followed by descumming, nanowire
native oxide removal (Section 4.1.1.6), deposition of a Ti/Au (80/200 nm) layer by e-beam
evaporation, and finally, lift-off of the metallization using acetone followed by an IPA and
DI water rinse, each 30 s long, as described before. However, the state-of-the-art process for
fabricating sub-200 nm electrodes, in case the patterning needed to be accomplished using
the four-point probe mask or the multicontact mask I, was electron-beam lithography
(Section 4.1.1.7). EBL was likewise followed by descumming for 15 s (instead of the usual 1
min corresponding to a thinner resist process), nanowire native oxide removal (Section
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4.1.1.6), e-beam evaporation of a Ti/Au (100/100 nm) layer and lastly, lift-off of the
metallization layer. It is worth mentioning here that due to the double-layer resist process,
the lift-off in the case of EBL could be achieved more efficiently by using a typical resist
remover such as Microposit 1165 heated to 60 °C rather than acetone. Following lift-off, it
was customary to follow up with an IPA rinse (30 s), acetone rinse (30 s), a second IPA rinse
(30 s) and a final DI water rinse (30 s). That completed the entire sample fabrication
sequence.
After sample fabrication, the wafer was ideally cleaved into smaller pieces containing
one or more die (or ‘cells’). These were then carried, serially or parallelly, through the rest of
the experimental steps including electrical measurements, annealing and materials
characterization.

4.2 Ohmic Contact Formation
As mentioned at the onset of this thesis, one of the essential objectives of this thesis
is to fabricate low resistance ohmic contacts to the Si nanowire-based devices in a way that
the device characteristics are not significantly perturbed by the presence of the contacts to
them. It is known that as device dimensions are increasingly scaled down, the role of the
contacts become increasingly dominant too, such that at the smallest dimensions, the contact
characteristics begin to dominate the device characteristics. The diameter of the nanowires
used in this thesis research had been in the range of 50-300 nm. While most of those
nanowires were still considered to be within the bulk regime with respect to nanoscale device
physics, the ones with diameters close to the minimum of the range were considered to be
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lying potentially within a regime dominated by mesoscopic physics. Thus, designing low
resistance ohmic contacts stood out as a vital issue from a device perspective.
The formation of ohmic contacts by minimizing the Schottky barrier height (Section
2.3) involved selection of low barrier height contacts through the choice of metals with work
functions appropriate to the doping type of the nanowires. Annealing of the contacts under
suitable temperature and ambience was performed to enhance the chemical reactions at the
metal/silicon nanowire interface with an objective to lower the contact resistance. For p-type
Si nanowires, Al, Pd, Pt, Co, Ti, Au and Ni were the prospective candidates. Aluminum is a
p-type dopant in Si, and in general, all these metals either had a low work function or formed
a highly conducting phase upon reacting with the Si nanowire upon annealing. For similar
reasons, Ti, Au and Er were chosen as the prospective metals for n-type Si nanowires.
The as-fabricated contacts were annealed with the objective of increasing the
magnitude of current through the contacts. Annealing was performed at multiple
temperatures from 100-550 °C. These were chosen carefully after taking into due
consideration critical parameters like the melting points of metals, the eutectic temperatures
with Si, and phase formation with respect to the often underlying Si nanowires. The relevant
phase diagrams were consulted each time. The effect of annealing has been discussed in
detail in the following chapters within the respective ‘results and discussion’ sections.

4.2.1 Tube Furnace Annealing vs. Rapid Thermal Annealing
Initial annealing experiments were performed on Al- and Pd-based contacts to p-type
Si nanowires in an Ar ambient using an AG Associates Heatpulse 210 rapid thermal
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annealing (RTA) furnace. The RTA furnace had the capacity to reach temperatures of the
order of 500-550 °C within 5-10 s measurable by an in situ pyrometer. This temperature
range was the maximum used for annealing the nanowires. Higher annealing temperatures
were found to be detrimental to the nanowire devices or the contacts fabricated on them.
The differences in thermal expansion (or contraction) coefficients between the Si nanowires
and the contact metallization could lead to undesirable effects such as contact-electrode
fracture at its interface with the Si nanowire. As explained in later chapters, this had indeed
been found for Al contacts to nominally doped p-type nanowires.
For the above reasons, a tube-furnace was used for a majority of the annealing
experiments reported in this thesis. The flow-rate of N2 was maintained at approximately
100 sccm throughout each of the annealing experiments. In order to keep the O2 content
within the furnace to a minimum during the annealing process, the tube-furnace was fed
with ultra pure N2 that was further purified by a gettering furnace located between the N2
source and the tube-furnace. The longer temperature ramp-up and ramp-down stages
compared to those in RTA allowed for a gradual transition to and from the annealing
temperature.

4.3 Sample Analysis
Following sample fabrication, the wafer was cleaved into smaller pieces for further
processing or measurements as stated previously. For electrical measurements, the wafer
pieces were visually inspected under an optical microscope with dark-field capability to filter
the nanowire devices that were worth investigating. This step, termed ‘nanowire mapping’
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after the method by which the position of the nanowires on a wafer were recorded with
respect to the row and column of the die in which they were located, helped in eliminating
all the vacant electrode-finger sites (Section 4.1.1.1 and Figure 4.2) and those containing
multiple nanowires or other structural or process irregularities. Only sites containing one and
only one nanowire spanning the separation of the electrode-fingers and underlying all the
electrodes present therein were selected. The nanowire devices were subsequently measured
for their electrical response before and after annealing the contacts. Failure analysis was also
performed using materials characterization tools for yield improvement.

4.3.1 Electrical Measurements
Electrical response of the nanowires was critical to evaluate the quality of the
contacts. A probe-station equipped with a Hewlett-Packard 4156B or an Agilent 4156A
semiconductor parameter analyzer was predominantly used for all the electrical
characterization performed for this thesis. For some of the complicated measurements, the
semiconductor parameter analyzers were interfaced with a desktop computer and LabView
programming was used to remotely perform the measurements and subsequently streamline
the data into user-defined files.
Two-point I-V probing was done for evaluating the leakage current of the dielectric
(between the bus-bar and the alignment/probe-pad layers) (Section 4.1.1.9) and verifying the
uniformity and completeness of the etching process across the wafer (Section 4.1.2), during
sample fabrication. But most importantly, it was used to measure the response of the
nanowires to an applied voltage and get a qualitative estimate of the nature of the contacts
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(Schottky or ohmic), prior to as well as post annealing treatments. Nanowires with contacts
located at their ends could be studied by two-point probing only. However, for multiple
contacts on one nanowire (Figure 4.10), two-point probing was used to primarily identify
nanowires with all four contacts showing a high conductivity (>10-12 A). Four-point probing
was subsequently done on these ‘electrically-selected’ nanowires to extract the relevant
device and contact parameters such as the nanowire resistivity, transfer length and specific
contact resistance values. In doing so, the Nanowire Transmission Line Model was applied
wherever possible, and is described in the following section.

4.3.1.1 Nanowire Transmission Line Model
Following the approach taken for modeling current transport across planar
metal/semiconductor interfaces, an attempt to analyze the current transport through the
metal/nanowire interfaces for the metal pad contacts had been made as detailed in Mohney
et al. [67]. The two dimensional equivalent circuit for the nanowire transmission line model
(TLM) is shown in Figure 4.13.

Figure 4.13: Two-dimensional equivalent circuit of a pair of metal pad/nanowire contacts
[67].
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In the above circuit, ρs is the resistivity of the semiconductor, ρc is the specific contact
resistance, r is the radius of the nanowire, l is the length of the nanowire between the
contacts, L is the length of each contact, I(x) is the current in the semiconductor nanowire,
υ0 is the voltage drop between the metal contact and the nanowire at x = L (beneath the end
of the contact), and V(x) is the voltage drop in the nanowire between any point x along the
length of the nanowire and x = L. The differential resistance at the metal/semiconductor
interface along an elemental length of the nanowire dx is given by ρc/(2πrdx), while the
resistance of the semiconductor along a length dx is given by ρsdx/(πr2). Using this model, a
value of the contact resistance, Rc, was calculated as given by Eq. 4.1,

Rc =

ρ s LT
coth( L LT )
πr 2

where the transfer length, LT, is given by LT =

(4.1)

rρc
. In the limit of a long contact (L >
2 ρs

3LT), Rc is simply given by Eq. 4.2, and is independent of L.

Rc =

ρ s LT
πr 2

The total resistance, RT, between the contacts is given by RT = 2 Rc +

(4.2)

ρs
l , which can be
πr 2

restated as Eq. 4.3, and simplified further in the limit of a long contact to Eq. 4.4.

RT =

ρs
L
( 2 LT coth( ) + l )
2
πr
LT

(4.3)

ρs
( 2 LT + l )
πr 2

(4.4)

RT =
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Hence, if RT and l could be measured accurately, at least for contacts fabricated on a single
nanowire, and if L were known for the (preferably identical) contacts, it would be possible to
fit pairs of data points (RT, l) to Eq. 4.3 or Eq. 4.4 depending on the type of contacts and
determine ρs and LT. Finally, ρc and Rc could be determined. Clearly, Eq. 4.4 is that of a
straight line. Therefore, it would be relatively much easier to determine ρs and LT and
subsequently the other parameters for the nanowire/contact structures in which the
condition for long contacts was satisfied for each pair of contacts under study.

4.3.1.2 Multi-Contact Test Structure
The schematic of a test-structure with multiple contacts on a single nanowire is
shown in Figure 4.14. This test structure is based on the nanowire transmission line model
discussed in the preceding section and is a simplified version of the multicontact test
structure discussed later in this thesis. In essence, the test structure has two extreme contacts
(1 and 5) and several central contacts (2, 3 and 4). The length along the nanowire of the
central contacts, L, and the separation between all the contacts, li, are precisely defined (by
design) as shown in Figure 4.14.
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Figure 4.14: Schematic of contact configuration for the multi-contact approach to measure
specific contact resistance of nanowires before and after annealing of devices [67].
As discussed in Section 4.1.1.1, the maximum separation between the extreme
contacts was limited to 10 µm by design considerations. In order to accommodate the
central contacts with differing separations (l), their design length (L) had to be limited to 1
µm or less. Since the current transfer length (LT) is usually on the order of 1 µm for a
metal/semiconductor contact, the central contacts might not conceivably satisfy the
condition for long contacts. In such a case, if the total resistance (RT) between the central
contacts (2, 3 and 4 in Figure 4.14) could be determined from I-V measurements taken using
appropriate pairs of contacts, and if r, L and the different values of l could be obtained using
FESEM, then pairs of data points (RT, l) could be fitted to Eq. 4.3 to extract ρs and LT; these
parameters could then be used to determine ρc and Rc as described in the preceding section.
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On the other hand, if all the contacts (1-5 in Figure 4.14) were found to satisfy the condition
for long contacts in the actual samples, RT between all adjacent pairs of contacts 1 and 2, 2
and 3, etc. could again be obtained from the I-V measurements. It would then be
straightforward to fit data for RT as a function of l to Eq. 4.4 and thereby determine the
values for ρs, LT, ρc and Rc.

4.3.2 Materials Characterization
Materials characterization was an essential step in examining the structural integrity
of the Si nanowires and Si nanowire-based heterostructures, and also to identify the possible
causes of failure of a nanowire device or a contact at the electrical measurement stage. The
various materials characterization techniques that were available were used in a
complementary fashion since more often than not, any one technique was inadequate by
itself to fully accomplish the fault identification and analysis.

4.3.2.1 Optical Microscopy
The easiest, and by far the most commonly used method for visual inspection was
optical microscopy. A Zeiss Axio Imager microscope was profusely used to verify the
precision of each step of the sample fabrication process, perform ‘nanowire mapping,’ as
explained at the onset of this section, and assist in identifying root causes of failure of a
contact. It was also useful in determining the density of nanowire solutions used for
nanowire assembly and in the sample preparation for TEM to adjust the density of
nanowires deposited on the TEM grid. The microscope had bright-field, dark-field and
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grazing angle incidence capability along with a facility to capture digital images and videos
using an attached charge coupled device (CCD) camera interfaced with a computer, all of
which proved very valuable to the presented research.

4.3.2.2 Scanning Electron Microscopy
Where the resolution of optical microscopy became a limitation, electron microscopy
had to be resorted to, viz., scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). An FEI Philips XL20 scanning electron microscope (SEM) was used for
examining some of the early work in this thesis comprising fabrication of Al end-contacts to
200 nm diameter Si nanowires grown in AAO. The tool was equipped with an energy
dispersive spectrometer (EDS) that was used to extract compositional information from the
regions of interest on the sample. With the use of state-of-the-art techniques such as EBL
for pattern generation, the widths of the electrodes shrank to 200-250 nm making it difficult
to examine the samples with the conventional SEM. For such samples, a JEOL 6700F field
emission scanning electron microscope (FESEM) was used instead, which could resolve sub200 nm patterned line-widths and nanowires as small as 10 nm in diameter.

4.3.2.3 Transmission Electron Microscopy
A majority of the structural defects within the nanowires or those embedded within
the electrode-lead/nanowire interface were not visible directly unless they were subjected to
destructive testing. The small dimensionality of the defects was often a limitation in
investigating them; nevertheless, some of these could be examined directly in the

71
transmission mode of a TEM. A Philips EM 420 (conventional) TEM and a JEOL 2010F
field emission transmission electron microscope (FETEM) had been used quite extensively
in the pursuit of this research to investigate the structure-property correlations of the Si
nanowires and the CoSix/Si/Au heterostructure nanowires. The Philips and the JEOL
TEMs had a maximum accelerating voltage of 120 kV and 200 kV, respectively. TEM was
also used to study the effect of Au catalyst within nanowires, to understand electrical
conductivity measurements on p-type nanowires and also to examine cross-sectional wafer
samples prepared using the focused ion beam. Moreover, The JEOL 2010F TEM was
augmented with a Gatan EDS and an Enfina electron energy loss spectroscopy (EELS)
detector for compositional characterization of regions of interest on the sample. Dark-field,
bright-field, scanning transmission electron microscopy (STEM) and nanobeam diffraction
(NBD) mode operations, when available on the microscopes, were also sometimes used for
effective defect characterization of the nanowire devices and their contact structures.

Chapter 5
Nanowire Heterojunction Contacts
For Si nanowire-based devices to reach their potential, it is imperative for them to be
integrated using robust low resistance ohmic contacts. Nanowire heterojunction contacts,
introduced earlier in Section 1.4, comprise one potential method of realizing this goal.
Additionally, these nanowire heterostructures are believed to present very interesting
geometries for studying the current transport phenomena through constrained onedimensional heterostructures as also for investigating the effect of radial scaling on the
behavior of the contacts under an applied bias. However, the structure and morphology of
these nanowire heterostructures and those of the contacts therein may also play a very
dominant role in determining the actual transport properties.
Essentially, the nanowire heterojunction contacts were formed at the interface of the
Si segment and the metal segment of the nanowires as shown previously in Figure 1.1(a).
Consequently, their lateral dimensions were defined by the extent of the reaction between
the Si and the adjacent metal. Their radial dimensions were confined by the diameters of the
pores of the AAO template in which the nanowires were grown by the VLS growth [30,31]
and the metal was electrodeposited subsequently. After the nanowires were retrieved by
chemically etching away the AAO templates entirely, a typical nanowire heterostructure
comprised of a Au tip, which was the initial Au catalyst for the VLS growth, the Si segment,
which was the body of the nanowire and spanned the majority of its length, and the final
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metal segment, whose length was determined by, among other parameters, the time of the
electrodeposition.

5.1 Cobalt silicide/Si/Au heterojunction nanowires
The most silicon-rich cobalt silicide, CoSi2 has emerged as a material of choice in the
microelectronics industry for realizing stable ohmic contacts to silicon-based device
architectures due to its low resistivity (Section 2.4), stability on Si, and small lattice mismatch
with Si (~1.2 %) [68]. Moreover, the low mutual solubility of Co and Au [69] prevents
extensive intermixing of the two metals during any high temperature processing step.
Historically, the actual CoSi2/Si interface has been found to be sharp with a very low density
of defects [68]. Attempts have previously been made by researchers in various research
groups to fabricated cobalt silicide contacts to Si nanowires as mentioned in Section 1.4.3.
Cobalt silicide (CoSix)/Si/Au nanowires for the present study were synthesized by
Mohammad from the Mohney group via a series of electrodeposition steps followed by VLS
growth as described by Mohammad et al. [54]. The following section details the fabrication
process, knowledge of which is essential to comprehend nanowire structure-property
correlations as examined subsequently using various materials characterization methods.

5.1.1 Fabrication
Figure 5.1 shows a schematic of the fabrication process of the CoSix/Si/Au
nanowires. Commercially available circular anodized aluminum oxide (AAO) membranes
(Whatman Anodisc 25) with an overall diameter of 25 mm and a nominal pore diameter of
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200 nm were used as templates for the heterojunction nanowire synthesis. A 150 nm thick
film of Ag was first sputtered at 1.5-2 Ǻ/s (Section 4.1.1.8) on the side of the membrane
with branched pores to provide a conductive layer for subsequent electrodeposition within
the pores. In order to achieve uniform coverage of Ag on all the pores of the AAO
membrane, the membrane was placed in an electrochemical cell and additional Ag was
electrodeposited at a current density of 12.27 mA/cm2 for 1 min on the previously sputtered
Ag layer using a ready-made Ag plating solution (1.125 tr. oz/qt, Technic, Inc.). That also
aided in increasing the mechanical durability of the otherwise fragile AAO membrane for the
later steps. The AAO membrane was subsequently turned over within the electrochemical
cell with its conductive side at the bottom. That allowed for the addition of the plating
solutions from the side of the membranes with open pores to perform sequential
electrodeposition of Ag, Co and Au within those pores. The Co bath was prepared by
mixing 500 g/L hydrated cobalt sulfate, 17 g/L sodium chloride and 45 g/L boric acid at 25
°C and adjusting the pH of the solution to approximately 5 [70], while the Au plating
solution was obtained ready-made (0.25 tr. oz/qt, Technic, Inc.). Ag was first
electrodeposited within the membrane pores at 7.32 mA/cm2 for 2 hr to precisely define the
location of the subsequent Co and the Au layers within the height of the pores. Next, Co
was electrodeposited at 89.09 mA/cm2 for 5 min. The electrodeposition of Au was then
carried out at 2.22 mA/cm2 for 7 min to catalyze the VLS growth of the nanowires. Though
the durations of the electrodeposition of Ag and Co were maintained approximately the
same from one growth run to the next, the duration of Au deposition was varied to aid in
determination of the optimum amount of the same necessary to obtain good morphology of
the Si nanowires after growth.
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Figure 5.1: Fabrication scheme of the CoSix/Si/Au heterojunction nanowires [54].
The AAO membrane was later placed in a CVD chamber, which was purged with H2
at room temperature. The temperature of the chamber was ramped up slowly to 500 °C and
the chamber was maintained at that temperature for 20 min to attain thermal equilibrium
within the chamber. This was critical for the uniform growth of the nanowires. Afterwards, a
mixture of 5% silane (SiH4) in H2 was allowed to flow into the chamber and over the
membrane. This resulted in Au catalyst mediated growth of the Si nanowires via the VLS
mechanism. Furthermore, the growth temperature also facilitated the formation of one or
more of the cobalt silicide phases, viz. Co2Si, CoSi and CoSi2 due to chemical reactions
between the initially grown Si segment and the previously electrodeposited Co segment
adjacent to it. This was considered beneficial to the process of formation of low resistance
ohmic contacts that was the underlying objective for fabricating the nanowire heterojunction
contacts described in this section.
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5.1.2 Materials characterization
Following growth, the nanowires were subjected to materials characterization either
while they were intact within the AAO membranes, or after they were separated from the
membranes. In the former case, the membranes were cleaved in order to perform careful
examination of their cross-sections with the exposed nanowires. The morphology and
chemical composition of the various segments within the nanowires were investigated
primarily by Mohammad from the Mohney group using a FEI-Philips XL20 SEM
augmented with an EDS spectrometer (Section 4.3.2.2). In the latter case, the membranes
were treated using 8 M HNO3 solution to first dissolve the entire Ag layer on the branched
side of the membrane and within the pores and then dissolve the remaining elemental Co
segment of the nanowires. The membranes were then cleaved into smaller pieces. Finally,
those membranes pieces were etched away by treatment with 1 M NaOH solution for 3-4
hours within a centrifugal tube thus releasing the nanowires into the solution. Since NaOH
was considered corrosive to the Si segment of the nanowires, the centrifugal tube was
immediately afterwards centrifuged at 12000 rpm for 1 min to collect the released nanowires
at the bottom of the centrifugal tube. The NaOH solution was then slowly poured out of the
centrifugal tube ensuring a minimum loss of nanowires and replaced instead with DI water,
which was then used to gently rinse the nanowires. It was critical to be gentle to ensure that
the nanowires did not fracture as a result of the processing steps. After two more
centrifugation and rinsing steps involving only DI water, the nanowires were finally
centrifuged one final time and the DI water was replaced with IPA. The result was a
suspension of the released nanowires in an IPA medium within a centrifugal tube.
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Different nanowire samples grown by the VLS method as described above were
subsequently examined by Dey from the Mohney group for structure and composition using
both the Philips 420 and the JEOL 2010F TEMs operating at their maximum accelerating
voltages of 120 kV and 200 kV, respectively (Section 4.3.2.3). In order to prepare a TEM
sample, a nanowire solution was first prepared starting from an appropriately sized piece of
the AAO membrane containing the nanowires. Next, a few drops of the nanowire
suspension was transferred using a centrifugal pipette to a 200 mesh Cu TEM grid with a
lacey carbon coating on the same side of the grid as the coating. The lacey carbon coating
had holes suitable for retaining a majority of the nanowires, whose average lengths were
determined to be between 10 and 20 µm depending on the time of VLS growth. The density
of nanowires on the TEM grid was examined by optical microscopy (Section 4.3.2.1) to
ensure there were a sufficient number of nanowires on the grid. This was essential to aid an
efficient location of nanowires on the grid during subsequent TEM examination.

5.1.3 Results and discussion
A cross-sectional SEM image of an AAO membrane after the sequential
electrodeposition of Ag, Co and Au within the membrane and before Si nanowire growth is
shown in Figure 5.2(a). The layer thicknesses of the Ag, Co and Au layers were 20, 3.5 and
0.23 µm, respectively. The Au layer can be seen as a very thin but bright layer at the top of
each column of electrodeposited metals. The non-uniformity in the layers resulted from the
varying pore diameters within the membrane. The smaller diameter pores showed longer
segments of electrodeposited metals. Figure 5.2(b) shows another cross-sectional SEM
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image of an AAO membrane with the CoSix/Si/Au nanowires after the growth of the Si
segment. Clearly, the bright Au layer seemed to have migrated and it was now present in the
form of nanoparticles atop each of the Si segment of the individual nanowires.
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Figure 5.2: Cross-sectional SEM images of an anodized alumina membrane, (a) after
sequential electrodeposition of Ag, Co and Au, and before Si nanowire growth, (b) after Si
nanowire growth and before etching away the Ag and any remaining elemental Co, and (c)
after etching away the Ag and any elemental Co left after growth of the Si segment. SEM
images of a CoSix/Si/Au nanowire heterostructure, (d) grown with an Au nanoparticle that
had lesser than the optimum amount of Au required for uniformity in diameter throughout
the length of the nanowire, (e) showing two Au nanoparticles retained within the Si region
close to the silicide end of the nanowire, and (f) showing a large region of Au retained within
the Si segment nearer to the cobalt silicide end of the nanowire.

80
EDS attached to the SEM was used to confirm the presence of the Au nanoparticles
and the Si segments underneath. Moreover, it was further determined by EDS that the layer
beneath the Si segment comprised of two different layers, one composed essentially of the
cobalt silicide phase formed upon a silicidation reaction between the Co and the Si during
the VLS growth as reported elsewhere [68,71], and the other consisting of the remaining
elemental Co that had not reacted with the Si within the limited time of growth of the
nanowires. The negligible contrast between the two layers was due to the comparable atomic
weights of Ag and Co. The EDS spectra from the two layers are shown in Figure 5.3. The Al
peak was generated due to the Al present in the AAO membranes that contained the
nanowires. The Au peaks arose from a sub-5 nm thick Au film deposited to dissipate charge
from the sample for improved contrast under the SEM.
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Figure 5.3: EDS spectra (obtained using SEM) from (a) the elemental Co layer, and (b) the
cobalt silicide segment above the Co layer within the CoSix/Si/Au nanowire heterostructures
shown in Figure 5.2(b).
As mentioned in the last section, the first step to release the nanowires from the
AAO membranes was to sequentially etch the Ag and Co layers. In order to verify the
completion of etching, cross-sectional SEM was performed. Figure 5.2(c) shows the crosssectional SEM image of an AAO membrane with the CoSix/Si/Au nanowires after the Ag
and Co layers were sequentially etched away. The cobalt silicide ends of the nanowires
appears as a continuous bright layer at the bottom of the nanowire heterostructures, topped
by the Si segment, which can clearly be seen to be of different lengths as visible by the
presence of the bright Au nanoparticles at their ends. Afterwards, the nanowires were
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released by dissolving the AAO membrane and stored as described previously in Section
5.1.2.
SEM characterization of the released CoSix/Si/Au nanowires showed that the
nanowires grown within the AAO membranes in which an inadequate amount of Au catalyst
was electrodeposited resulted in nanowires that were morphologically and structurally
imperfect. Figure 5.2(d) shows the SEM image of such a nanowire. The diameters of the Si
segments of the nanowires and those of the Au nanoparticles at the ends of the nanowires
were less than the corresponding diameters of the pores of the membranes. SEM also
revealed that if an excess amount of Au catalyst was electrodeposited to begin with, the
nanowires that resulted after growth were very likely to retain one or more Au nanoparticles
within the Si segment during the VLS growth. EDS was used to substantiate that the
retained particles were indeed composed of Au. Figure 5.2(e) shows the SEM micrograph of
one such nanowire in which two retained Au nanoparticles were present toward the silicide
end of the nanowire. On some occasions, the closely spaced Au nanoparticles coalesced to
form larger particles of Au within the Si segment. Also, if the amount of the initial Au
catalyst was excessively more than the optimum required, then again, large nanoparticles of
Au could be retained in the Si segment during growth as seen for the case of the
CoSix/Si/Au nanowire in Figure 5.2(f). In view of the above discussion, an optimal amount
of Au catalyst was much required for obtaining nanowires with acceptable morphology.
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5.1.3.1 Optimization of the initial Au catalyst
As long as the morphology of the CoSix/Si/Au nanowires could somehow be
attributed to the amount of initially electrodeposited Au catalyst, there was an imminent
need to precisely predict that amount to obtain morphologically superior nanowires with
none or minimum achievable amount of retained Au. To this end, Au was electrodeposited
at four different thicknesses of 80, 160, 200 and 780 nm over the previously electrodeposited
Co layer in separate AAO membranes. The Si segments of the nanowires were then grown
in all the membranes using the previously optimized growth conditions for the same
duration of time. Preliminary examination on the nanowires was performed using the FEIPhilips SEM.
The nanowires grown in membranes with an initial Au catalyst layer thickness of 80
nm and released as described previously in Section 5.1.2 were not found to contain any Au
nanoparticles within the Si segments. For such a nanowire, the Au catalyst nanoparticle, even
while in a liquid eutectic form with the Si from the SiH4 source, was smaller than required to
span the entirety of the cross-section of the corresponding pore of the AAO membrane.
Consequently, the Si segments did not follow the shape of the corresponding pores in which
they were grown. Instead, their diameters were smaller than those of the corresponding
pores, and also than those of the corresponding cobalt silicide segments underneath.
Furthermore, the Si segments were frequently found to be kinked two or more times while
being completely contained within the pores of the AAO membranes. Thus, an initial Au
thickness of 80 nm clearly led to a final undesirable morphology of the CoSix/Si/Au
nanowires.
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The Si segments of the nanowires similarly obtained using an initial 160 nm thick Au
layer were visibly found to be devoid of any Au nanoparticles. No significant signal for Au
was detected along the entire length of the Si segments of the nanowires upon initial
examination by EDS attached with the SEM. This indicated that the amount of retained Au
within the Si segment of nanowires had decreased substantially. Additionally, the entire
nanowire heterostructures were found to be reasonably uniform in diameter along their
lengths. Both these attributes of the nanowires were highly desirable. As the thickness of the
Au layer was increased to 200 nm, Au nanoparticles were found to be present within the Si
segment, though the morphology of the nanowires was still similar to that of the nanowires
obtained using the immediately lower Au thickness. On increasing the Au thickness further
to 700 nm, significant amounts of Au regions were found within the Si segments of the final
nanowire heterostructures. For such a nanowire, the morphology was again reproducible to
that of a nanowire obtained with a 160 nm starting Au thickness, with a marked uniformity
in diameter along the entire length of the heterostructures. The entirety of the nanowire with
the cobalt silicide segment through the Si segment to the Au tip was believed to closely
follow the diameter of the corresponding pore of the AAO membrane. Thus, progressively
more Au was retained within the Si segments as the thickness of the Au catalyst layer was
increased from the value of 160 nm. Therefore, an initial thickness of 160 nm was
subsequently accepted to be the optimum value of thickness of the Au catalyst layer for
finally obtaining CoSix/Si/Au nanowires with the most acceptable morphology of the
nanowires.
Apart from the morphology of the nanowire heterostructures, their lattice structure
was also highly critical in determining their current transport properties. In general, a
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significant portion of the current transport is believed to occur through the cross-section of
these nanowires, even though the nanowire surface is believed to play an increasingly
dominant role for nanowires with progressively smaller diameters. Therefore, investigating
the structure of the nanowires was of utmost importance. A Philips 420 TEM (Section
4.3.2.3) was used by Dey to investigate the structure of the nanowires once they were
released from the AAO membranes using the method described in Section 5.1.2. TEM of
thirteen nanowires revealed that a majority of the nanowires synthesized using the previously
determined optimum Au thickness had a single-crystalline Si segment. For other nanowires,
the Si segments were found to be bicrystalline with a twin boundary present along their
lengths, or polycrystalline with the presence of a few grains. Occasionally, a few defects were
also observed within the Si segments.
Figure 5.4 shows the TEM image of a CoSix/Si/Au nanowire lying on a lacey carbon
film of a Cu TEM grid. The cobalt silicide (marked as CoxSi) and Si segments, and the Au
tips are clearly visible in the image. The average diameter of the nanowires based on the 13
nanowires that were investigated was determined to be 249 (±32) nm. This was significantly
different from the nominal average pore diameter of the AAO membranes of 200 nm.
However it was later found that the actual average pore diameter was not always the same as
quoted by the manufacturer. The unexpected spread in the value of the diameter could be
also explained by the fact that the pores within the AAO membranes were frequently not of
the same diameter.
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Figure 5.4: TEM image of a CoSix/Si/Au nanowire synthesized with an initially
electrodeposited Au thickness of 160 nm.
Though the nanowires were reasonably uniform in diameter, a few of them were
found to have modest roughness in their morphology, which could be attributed to the
NaOH treatment of the AAO membranes. Though meant to facilitate the release of the
nanowires by dissolution of the AAO membrane, the NaOH solution was also known to
etch the Si segment of the nanowire at a much slower rate compared to that of the alumina
within the AAO membranes. Thus, SEM and conventional TEM were used
complementarily to verify that high quality CoSix/Si/Au nanowires could be reproducibly
synthesized by starting with the optimum Au catalyst thickness of 160 nm.
Following determination of an optimum Au thickness, various attempts were made
to explain the experimental observations. In one approach, it was assumed that the Au-Si
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eutectic formed during the VLS growth process was either in the form of a hemispherical or
a spherical liquid particle. The diameter of this particle was assumed to be equal to that of
the growing Si segment, while its volume was approximated by the initial volume of the Au
electrodeposited within the AAO membrane. Following this approach, it was determined
that if D was the desired diameter of the final Si segment, the thickness of the Au layer
should be 1/3 D corresponding to a hemispherical particle and 2/3 D for the case of a
spherical particle. Indeed, calculations performed on the basis of these assumptions led to
the conclusion that the experimentally determined optimum Au thickness of 160 nm was
close to the calculated value of 166 nm, which was arrived at by assuming a spherical Au-Si
eutectoid particle and an experimentally determined average diameter of the nanowires of
249 (±32) nm. However, similar considerations based on the assumption of a hemispherical
particle led to a calculated value of 83 nm. Clearly, this value was inadequate to synthesize
nanowires with a superior morphology as already determined experimentally using a similar
Au catalyst layer thickness of 80 nm.
Further investigation of the Au tips of the nanowires was performed via TEM to
investigate the applicability of the relationship between the Au layer thickness and the
diameter of the nanowires that was recently established. Figure 5.5 shows the TEM image of
an Au nanoparticle at the end of a CoSix/Si/Au nanowire that was synthesized using an Au
layer thickness of 160 nm. As seen in this image, the shape of the Au nanoparticle was
neither spherical nor hemispherical in the true sense. Rather it resembled a hemisphere atop
a cylinder of the same diameter as the hemisphere.
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Figure 5.5: TEM image of the Au nanoparticle at one end of a CoSix/Si/Au nanowire
synthesized using an initial electrodeposited Au catalyst layer thickness of 160 nm.
Similarly, TEM was done on twelve more nanowires for a thorough examination of the
shape of the Au ends of the nanowires. Figure 5.6 shows the TEM images of the Au ends of
a few such nanowires. Undoubtedly, the Au ends assumed a variety of shapes that were
difficult to explain by any one geometric model. For this reason, the volume of the Au
nanoparticles was best estimated from the TEM micrograph for each of the nanowires. In
order to determine the diameter of each nanowire, the width of the nanowire in the
micrographs was measured at five different locations along the length of the nanowire. The
average value was then assumed to be the nanowire diameter. Using this method, the initial
thickness of the Au layer was estimated to be within the range of 0.5-0.9 D, where D is the
diameter of the nanowire as defined previously. It is worth noting here that the previously
determined value of 2/3 D, even for a crude assumption of a perfectly hemispherical shape
for the Au nanoparticle, lies within that range. Thus, reasonable predictability of the
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thickness of the initial Au catalyst required for synthesizing CoSix/Si/Au nanowires within
AAO templates of a known pore diameter distribution with good control over the
morphology and structure of the nanowires was attained so far. These results have been
reported by Mohammad et al. [54].

Figure 5.6: TEM images of Au nanoparticles at the ends of CoSix/Si/Au nanowires
synthesized using an initial 160 nm thick Au layer.

5.1.3.2 Au in CoSix/Si/Au nanowires
Following the successful fabrication of the CoSix/Si/Au nanowires with a minimal
Au content using an optimum amount of initially electrodeposited Au catalyst, a statistically
significant number of nanowires were fabricated in order to examine the reproducibility of
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the fabrication processes via extensive materials characterization. A JEOL 2010F field
emission TEM with sub-1 nm resolution capability (Section 4.3.2.3) was used for the
detailed investigation of the nanowires. Indeed, a majority of the nanowires were found to
be very uniform in diameter along their lengths. The Si segments were found to be either
single-crystalline or bicrystalline with a twin boundary along their lengths, or in some cases
even polycrystalline with well defined large grains visible upon changing the orientation of
the nanowires with respect to the electron beam in the TEM. Structural defects such as
dislocations and stacking faults were also observed in few of the examined nanowires.
Further investigation toward detecting the presence of Au nanoparticles along the lengths of
the nanowires and examine the structure of the CoSix/Si and the Si/Au interfaces within the
nanowires led to some unexpected observations.
Figure 5.7 shows a bright-field (BF) image of the cobalt silicide segment of a
CoSix/Si/Au nanowire obtained using the scanning transmission electron microscope
(STEM) mode of the TEM. It was found that the interface between the Si segment and the
cobalt silicide end of the nanowire was not sharp; rather, the Si and the silicide segments
were found to protrude into one another. Similar observations were also made for 5 more
nanowires. An immediate implication was that the contact area at the interface of the cobalt
silicide/Si segments differed from that of the nanowire cross-section. Furthermore, evidence
of retained Au nanoparticles of various sizes was uncovered at the cobalt silicide ends and
also within the adjacent Si segments of the nanowire heterostructures. The EDS spot spectra
supporting this observation from the regions of the nanowire corresponding to points 3, 4
and 5 marked in the STEM image (Figure 5.7) are shown in Figure 5.8. The EDS spot
spectra from points 1 and 2 did not indicate a significant presence of Au at those regions. It
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may be noted that the Cu peaks in the EDS spectra were produced due to the Cu in the
grids that were used to prepare the nanowire samples for TEM.

Figure 5.7: STEM image of the CoSix end of a CoSix/Si/Au heterojunction nanowire
showing the Si segment (darker region) and the CoSix segment (lighter region).
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Figure 5.8: EDS spot spectra obtained using STEM from the spots 1, 2, 3, 4 and 5 shown in
Figure 5.7.
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Another STEM image illustrating a large nanoparticle and several smaller bright
particulates within the Si segment adjoining the cobalt silicide segment of the nanowire is
shown in Figure 5.9. The size distribution of the bright particles was smaller than the spatial
resolution of the EDS, which prevented their composition to be precisely determined. The
EDS spot spectra from all these spots only pointed to the presence of Si. Figure 5.10 shows
the EDS spectrum corresponding to the line in Figure 5.9. Clearly, there was strong evidence
of the presence of Si across the diameter of the nanowire and that of Au very likely at the
two visibly bright nanoparticles.

Figure 5.9: STEM image of the Si segment adjacent to the CoSix end of a CoSix/Si/Au
heterojunction nanowire showing bright spots from Au precipitates in the darker Si segment
of the nanowire.
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Figure 5.10: EDS line spectrum obtained using STEM corresponding to the line in
Figure 5.9.
Furthermore, sections from the EDS line scan corresponding to the crosshairs 1 and 2 in the
STEM image in Figure 5.9 were examined as shown in Figure 5.11. While the spectrum from
spot 1 indicated the presence of Si, the spectrum from spot 2 confirmed that the bright
nanoparticle was indeed composed of Au. The additional peaks indicating the presence of
Cu in the EDS spectra resulted from the use of Cu TEM grids.
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Figure 5.11: Sections (1) and (2) of EDS line spectra obtained using STEM corresponding to
points 1 and 2, respectively, in Figure 5.9.
During further TEM characterization, Au nanoparticles were also detected within the
Si segment adjoining the Au tips of several CoSix/Si/Au nanowires. For most nanowires, the
density of such nanoparticles was found to decrease noticeably while approaching the center
of the Si segment from either the Au end or the cobalt silicide end of the nanowire
heterostructure. However, in a few cases, significant Au precipitates were found to occur
within the central and also other regions of the Si segment that were located several microns
away from either end as shown in Figure 5.12.
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Figure 5.12: TEM image of a CoSix/Si/Au nanowire showing the presence of Au
nanoparticles in the central region of the Si segment and other regions along its length.

5.2 Au/Si/Au nanowires
Besides the CoSix/Si/Au nanowires heterostructures, another heterostructure of
interest from a device perspective was the Au/Si/Au nanowires. If the Au tips of the
nanowires could be etched away after the growth of the nanowires, and the nanowires were
subsequently oxidized under suitable conditions, the resulting oxidized nanowires could be
used for fabricating field effect transistor (FET) structures from the nanowires. Upon
etching away the oxide, it could also be possible to obtain Si nanowires with thinner
diameters, which has already been demonstrated elsewhere [29]. The Au/Si/Au nanowires
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actually comprised a simplified version of the CoSix/Si/Au heterostructure. The issue of the
optimum amount of Au for growth of nanowires within the membranes could be
investigated in these structures in the absence of Co. The general morphology of the
nanowires and their structure at the Au/Si interface would also be interesting to study. To
this end Au/Si/Au nanowire heterostructures were synthesized as described in the following
section.

5.2.1 Fabrication
Both commercially available (Anodisc, Wattman Scientific) AAO membranes with a
nominal 200 nm average pore diameter and ‘home grown’ anodized alumina membranes
with nominal average pore diameters within the range of 45-150 nm prepared using the
method described in [72] were used to synthesize the Au/Si/Au nanowires. The fabrication
scheme, which is a modification of that shown in Figure 5.1 for synthesizing the
CoSix/Si/Au nanowires, is illustrated in Figure 5.13. Noticeably, the Co layer was omitted
completely. In many cases, the Ag layer formed via initial sputtering followed by
electrodeposition was etched away entirely using an 8 M HNO3 solution after
electrodeposition of the Au layer. The need for the Ag layer can be reiterated by stating that
the Ag layer served as a conductive layer for subsequent electrodeposition of other metals
including the Au catalyst layer, but equally importantly, it also served to position the Au layer
controllably at a desired location along the cross-sectional height of the membrane. The
membranes were subsequently transferred to the CVD chamber and SiH4 gas was purged
into the chamber. Recall that for the growth process of the Si segment for the CoSix/Si/Au
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nanowires, the Au nanoparticles were always found to move upward with the precipitation
of Si from the saturated Au-Si eutectic liquid nanoparticle resulting in nanowire growth.
Unlike that case, the Au nanoparticles in case of the Au/Si/Au nanowires were almost
always found to segregate into two smaller nanoparticles upon saturation with Si from the
SiH4 precursor gas. Thus, the nanowire growth was found to occur at two fronts, both in the
upward and the downward directions. In some exceptional cases, the original Au
nanoparticles were still found to remain intact producing nanowire growth in only one
direction depending on the arbitrary initiation of precipitation of the Si segment at the early
stages of growth.

Figure 5.13: Fabrication scheme of the Au/Si/Au nanowires. (Adapted from [54]).

5.2.2 Materials characterization
Alike the CoSix/Si/Au nanowires, the simplified Au/Si/Au nanowires were
examined intact within the AAO membranes using the Philips-FEI SEM and also after they
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were released from the AAO membranes using the JEOL 2010F TEM. Since the Ag was
already etched away prior to the growth of the Si segments, the only post-fabrication step
required to obtain a nanowire solution was to dissolve the membranes using 1 M NaOH
solution for 4 hours and then preparing a suspension of the nanowires in IPA through
repeated centrifugation and rinsing steps as described in Section 5.1.2.

5.2.3 Results and discussion
Au/Si/Au nanowires that were investigated using TEM were synthesized in
commercial as well as ‘home-grown’ AAO membranes as mentioned previously. The
nanowires grown from the commercial membranes had an average diameter of
approximately 240 nm, which was close to the average pore diameter. Those that were
synthesized in the home-grown AAO membranes synthesized at different anodization
voltages of 30 V and 65 V also followed closely the pore dimensions of the respective AAO
membranes. Additionally, the nanowire diameters were measured to be fairly uniform along
their length. These nanowires grown in the home-grown AAO membranes were only 4-5 µm
in length, which was considerably shorter than the nanowires grown in the commercial AAO
membranes. The latter were 10-15 µm in length.

5.2.3.1 Au in Au/Si/Au nanowires
Similar to the observations made earlier on the CoSix/Si/Au nanowires, even in the
case of the Au/Si/Au nanowires that were grown completely within the membranes, TEM
coupled with EDS investigation revealed significant presence of Au nanoparticles of various
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sizes near the Au ends of the nanowires. Figure 5.14 is a collection of TEM images
supporting that observation. Au precipitates were also found to occur within the central
region of the Si segment few microns away from either of the Au ends in a few nanowires, as
seen for the case of the nanowire shown in Figure 5.14 as well.

Figure 5.14: TEM images of a Au/Si/Au nanowire grown within a ‘home grown’ membrane
(synthesized at an anodization voltage of 30 V) showing Au precipitates at different regions
of the nanowire.

101
5.3 Role of Au in nanowire heterostructures
One way to investigate the electrical properties of the nanowire heterojunction
contacts would be to fabricate alternate top and bottom contacts to a single nanowire or a
cluster of nanowires whereby the actual heterojunction contacts of interest (such as the
CoSix/Si contact in the case of CoSix/Si /Au nanowires) was embedded within the AAO
membrane. For the present study, the Si nanowires were grown via VLS predominantly
using Au as the catalyst. An undesirable shortcoming of the growth process was the
precipitation of Au nanoparticles near the region of the contacts, which would make it
difficult to estimate the actual specific contact resistance of the contacts accurately. It was
also realized that, due to the variation in the diameter of the pores of the AAO membranes,
an optimum thickness value of initial electrodeposited Au layer estimated on the basis of the
average pore diameter of an AAO membrane might not be adequate to attain a desirable
distribution of Au within all the nanowires from the same membrane from the perspective
of their electrical properties. The roughness of the internal surface of the pores of the AAO
membranes was also identified as a contributing factor to the retention of the Au
nanoparticles on the surface of both the CoSix/Si/Au nanowires and the Au/Si/Au
nanowires synthesized completely within the AAO membranes. All that could be further
complicated due to the diffusion of Au and its likelihood to be precipitated into larger
nanoparticles upon contact annealing, even at temperatures lower than the Au-Si eutectic
temperature of 363 °C. In the most extreme case, as shown for the case of the nanowire
(with ‘metal pad’ type contacts) in Figure 5.15, Au as a phase in the Si nanowire was found to
cause ‘melting’ of the nanowires upon annealing at temperatures higher than the Au-Si
eutectic temperature. While it was straightforward to identify the discontinuity leading to an
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open circuit response upon two-point probing in the case of the nanowire shown in
Figure 5.15 using SEM, it might not have been so for the case of one or more discontinuities
in a single nanowire or a cluster of nanowires embedded within the membranes on which
electrical measurements were performed using top and bottom contacts. This might lead to
inaccurate estimates of critical parameters such as the average values of the resistivity of the
nanowires and the specific contact resistance of the embedded heterojunction contacts in
question. Therefore, an alternative more viable approach needed to be established.

Figure 5.15: SEM image of a nominally doped p-type Si nanowire (with contacts in a ‘metal
pad’ geometry). The discontinuity in the nanowire very likely resulted from an Au-Si eutectic
phase melting upon contact annealing at temperatures above the Au-Si eutectic of 363 °C.
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5.3.1 Nanowires on substrates
The obvious alternative approach for designing electrical contacts to the nanowires
(compared to that based on fabricating alternate top and bottom contacts to nanowire
heterojunction contacts embedded within the AAO membranes) was to fabricate metal pad
contacts, as mentioned briefly in Section 1.4.2. In a practicable case, nanowires could first be
grown long enough to protrude out of the top of the AAO membranes from within the
pores and subsequently ‘harvested’ off the top of the membranes. They could then be
effectively assembled on commonly available substrates like Si or SiO2. Finally, contact
metallization could be deposited via vacuum deposition techniques on the nanowires lying
on the substrate after suitably patterning the latter, lithographically or otherwise, to finally
fabricate the metal contact pads of preferred dimensions. Thus, the transition from the
approach based on the as-fabricated template-grown nanowire heterojunction contacts
described in this chapter to the alternative approach based on metal-pad contacts was a
viable one. Accordingly, future efforts on designing stable low resistance electrical contacts
were based on the simplified Au/Si nanowire heterostructures, either growing out of the top
of the AAO membranes, or free-standing on Si or SiO2 substrates. These efforts are
described in the subsequent chapters of the thesis.

Chapter 6
Metal Pad/Nanowire Contacts – I
In Chapter 5, an approach based on fabrication of top and bottom contacts to
nanowire heterostructures intact within the alumina membranes was presented. This was
aimed at measuring the fundamental properties of the embedded heterojunction contacts. A
major limitation with annealing of such devices was attributed essentially to the presence of
Au nanoparticles in the nanowires. It was accordingly decided to fabricate metal pad
contacts to nanowires segments instead that were obtained from nanowires grown at length
to protrude out of the top of the membranes. Recall from Chapter 5 that the nanowires, in
general, were found to have a smaller concentration of Au nanoparticles within the central
region of the Si segments. Using the nanowire segments would therefore be of utmost
relevance to current transport studies if electrical contacts could be successfully fabricated
on them to include their desirable central regions (possibly with few or no Au nanoparticles)
between the electrodes of interest. Fundamental parameters extracted from electrical
measurements performed accordingly would very likely be closer to the actual values for the
contacts in question. Another major benefit of the approach based on the metal pad contacts
was that it allowed for investigation of nanowires synthesized by other processes as well such
as those grown on planar Si or SiO2 substrates using Au nanoparticles as the catalyst.
With the above perspective, metal-pad contacts were fabricated to nominally
undoped, p-type and n-type nanowires, using one of the process-flows described in
Appendix Section A.2. The aim was to design robust low resistance ohmic contacts to the
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nanowires through the choice of selected metallizations and annealing conditions as
considered appropriate to lower the resistance of the contacts.

6.1 Contacts to p-type nanowires
The fabrication scheme of the unintentionally doped Au/p-type Si nanowires has
been described in Section 5.2. Using trimethyl boron (TMB), (CH3)3B, as the precursor gas
for B within the CVD chamber, intentional in situ p-type doping of the nanowires via B
incorporation into their Si segments during the VLS growth could be achieved as reported
elsewhere [36]. The B concentration was estimated to be in excess of 1019 cm-3 using
secondary ion mass spectroscopy (SIMS).
Among the various metallizations that were considered for the p-type nanowires, the
Pd-, Ti/Al- and Co/Al-based metallizations were successfully fabricated. Annealing
experiments were also performed in some cases to improve the performance of those
contacts. The following sections present the discussion on these contact metallizations and
their implications in a more detailed manner.

6.1.1 Pd contacts
Pd was considered to be a potential candidate for making ohmic contacts to the ptype Si nanowires for more than one reason. Firstly, its high work function of 4.5-5.0 eV
meant that it might be easier to form a low barrier height contact to the p-type Si nanowires.
Secondly, Pd was known to have a high melting point of 1552 °C so the metal could be
deposited by electron beam evaporation without much difficulty and at the same time
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already fabricated Pd contacts could also be thermally annealed if need be to improve their
performance.

6.1.1.1 Fabrication
The Pd contacts to the p-type Si nanowires were fabricated via a variant of the
process-flow II listed in Appendix Section A.2. A site-by-site nanowire alignment process
was opted for at the onset. Accordingly, the alignment/probe-pad layer was formed by
depositing 20 nm of Ti and thereafter 60 nm of Pd via e-beam evaporation. Next, p-type
nanowires with an average diameter of 80 nm synthesized using SiH4 and TMB flow rates of
20 and 80 sccm, respectively, were assembled on the wafer using an 8 V-10 KHz AC field.
At that stage, the variation in the process-flow mentioned previously was introduced in the
form of a modified anchor layer II which was fabricated via a two-step process. Firstly, an 80
nm thick Pd layer was e-beam evaporated to form rectangular pads connected to the leads
extending from the transverse square pads of the alignment/probe-pad layer. Secondly, for
each pair of those rectangular pads, a pair of appropriately spaced electrode-fingers was
patterned, which upon deposition of an 80 nm thick layer of Pd subsequently, connected the
leads extending from the transverse square pads of the alignment/probe-pad layer to the Si
nanowire via the rectangular pads. Prior to that final Pd deposition step, the nanowires were
treated in a 10:1 BOE solution for 20 s to remove their native oxide in the anticipation of
forming a more intimate contact.
Figure 6.1 shows a grazing-angle optical image obtained using a Zeiss optical
microscope of a typical device configuration. The nanowire can be found located in a
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horizontal direction between the electrode-fingers of the alignment/probe-pad layer. Also
seen are the two rectangular pads of the modified anchor layer II and their corresponding
electrode-fingers overlapping the nanowire. Following fabrication, two-point probing was
performed on some selected devices that were isolated by wafer-mapping.

Figure 6.1: Grazing-angle optical image obtained using a Zeiss microscope showing the
configuration of Pd contacts on a p-type Si nanowire. The nanowire is aligned between two
Ti/Pd electrode-fingers belonging to the alignment/probe-pad layer. The two central
transverse electrode-fingers forming the actual Pd contacts are also visible.

6.1.1.2 Electrical characteristics
Two-point probing using the central Pd contacts was performed on the ‘asdeposited’ devices using an Agilent 4155B semiconductor parameter analyzer. The contact

108
areas for these central contacts were identical by design. The currents of the nanowires were
measured while the applied voltage was swept within the ±2 V range. Figure 6.2 shows a few
representative current vs. voltage (I-V) characteristics recorded from the as-deposited
devices. For the sake of clearly depicting the nature of the I-V characteristics in the small
bias regime, the plots have been limited to the ±0.15 V regime. The curves with circular
markers represent the as-deposited I-V characteristics. As seen for the case of the four
representative devices in Figure 6.2(a)-(d), the I-V characteristics were not always strictly
symmetric about the zero applied bias value for non-linear curves or did not possess the
same slope in the positive and negative bias for linear curves. Asymmetry in I-V
characteristics indicated that the contacts at both ends were not identical in electrical
behavior. The current for any given applied bias was found to vary from one device to
another. The maximum currents for some devices were higher than 1 µA in magnitude for a
maximum applied bias of 2 V in magnitude, while for other devices the maximum currents
at the same applied maximum bias value were recorded to be unexpectedly low and within
the noise level of the measurement system.
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Figure 6.2: I-V characteristics of highly doped p-type Si nanowire devices in both the asdeposited condition and after annealing at (a) 150 °C, (b) 200 °C, (c) 250 °C, and (d) 550 °C
measured using two Pd contacts arranged in the configuration shown in Figure 6.1 within an
applied bias range of ±0.1 V.
In order to improve the performance of the contacts, annealing was performed for a
selection of those devices. Two of those devices were subjected to cumulative anneals in a
tube furnace using an N2 flow rate of 100 sccm at the following conditions: (i) 100 °C for 40
min total time (15 + 10 + 15 min), and (ii) 150 °C for 40 min total time (15 + 10 + 15 min).
Both the devices were two-point probed using their central pair of Pd contacts after each of

110
their respective cumulative anneal steps. The corresponding I-V characteristics are shown in
Figure 6.2(a) and (b). While the current was found to decrease for the device annealed at 100
°C with progressive cumulative anneals, the device annealed at 150 °C showed an increase in
the current after 25 min of annealing and then a decrease in current comparable in
magnitude to the original as-deposited current after an additional 15 min of annealing under
similar conditions. In the hope of finding a trend, the former device was annealed further at
(iii) 250 °C for 30 min total time (15 + 15 min) under similar conditions. Indeed, for that
case, the current increased significantly after the first 15-min anneal, and furthermore, it was
found to be increasingly larger in magnitude after each successive cumulative anneal as
shown in Figure 6.2 (a). Thus, annealing at 250 °C for 15-30 min was determined to be
beneficial for lowering the contact resistance of the Pd contacts to the p-type nanowires.
Simultaneous with the tube furnace anneals, a few anneals were also carried out in an
AG Associates rapid thermal processing (RTP) furnace using an Ar ambient instead of N2.
Two selected devices were annealed for 1 min at 200 °C and 550 °C and their I-V
characteristics are presented in Figure 6.2 (c) and (d), respectively. The post-anneal I-V
curves were found to be very linear. The current was observed to have increased by several
orders of magnitude as well. Although those improvements in the contacts were desirable,
the RTP was still not deemed a favorable annealing option. Along with improvements, the
regular occurrence of a significant fraction of accompanying devices with a decreased or
zeroed current upon RTP was the deterrent as also highlighted in Section 4.2.1.
Discontinuities in nanowires as well as contact electrodes arising from RTP could be partly
held responsible for this observation.
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An alternative representation of the qualitative improvement in the contacts is
depicted in Figure 6.3. The x-axis represents the individual nanowires, while the specific
annealing conditions are marked on the y-axis. The z-axis represents a ratio of the postanneal measured current value to the as-deposited measured current value at an applied
voltage, V, of 0.1 V, which is denoted by K. Noticeably, a positive value of log K, i.e. a value
of K greater than unity means that there was more current at the applied bias of 0.1 V after
annealing. If all other factors were constant, this implied that the contacts had improved
upon annealing. On the contrary, a negative log K value, i.e. a value of K less than unity
means that lesser current was measured after annealing, which might indicate a degradation
in the quality of the contacts as long as all other factors contributing to the measured current
were constant.
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Figure 6.3: Plot of the ratio of post-anneal to as-deposited values of I at V equal to 0.1 V for
various nanowire devices with Pd metallization as a function of annealing condition. The
two-probe measurements have been conducted across the two central Pd contacts.

6.1.2 Ti/Au contacts
A contact based on Ti/Au metallization was considered as an alternative to Pd
contacts to Si nanowires. Within the nanowire/nanotube research community, Ti/Au
contacts have been used extensively since they are easy to fabricate. Au is a very good
conductor and has a very low sheet resistance but it does not adhere so well to a SiO2
substrate, but Ti is known to do so. Also, Ti is known to oxidize fairly quickly due to which
it is essential to cover the Ti layer with another layer of inert metallization. Au, on the other
hand, is known to be environmentally very stable. Therefore, depositing an Au layer over a
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Ti layer deposited on SiO2 is a common practice. However, the thickness of the Au layer in
the present case had to be at least 80 nm, which was found to be the minimum thickness of
a non-porous Au film for it to act as an effective barrier to ambient O2 as reported by
researchers in our group elsewhere [73]. Ti is also known to form a low resistance silicide
with Si, viz. TiSi2 upon annealing at temperatures higher than 650 °C [74] (Section 2.4).
Under good control over the native oxide removal, no Ti-rich phases are usually observed
[75].

6.1.2.1 Fabrication
Ti/Au contacts were fabricated to the p-type Si nanowires using the process flow III
described in Appendix Section A.2. Briefly, the bus-bar layer was formed by e-beam
evaporation of a Ti (20 nm)/Pd (60 nm) layer, which was followed by deposition of a 100
nm thick layer of spin-on-glass (SOG) dielectric. The alignment/probe-pad layer was next
formed by e-beam evaporating a Ti (20 nm)/Au (80 nm) metallization, after which the
electric field-assisted nanowire assembly was performed using a 10 KHz 10 V AC electric
field. The top Ti (80 nm)/Au (205 nm) contacts were then e-beam evaporated. After
patterning the wafer with the Anchor mask I and immediately prior to deposition of the top
contacts, the native oxide removal of the nanowires was carried out by treatment with a 10:1
BOE solution for 15 s.
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6.1.2.2 Electrical characteristics
Following fabrication and wafer mapping, two-point probing was performed on the
‘as-deposited’ contacts. Some representative two-point I-V characteristics from measuring
the devices are presented in Figure 6.4. As seen, the ‘as-deposited’ characteristics were
essentially non-linear and varied significantly in the forward and reverse bias regimes for any
particular device and from one device to another with respect to the magnitude of current
for any given applied bias. The curves were also found to be asymmetric with respect to the
zero applied bias value. However, it is noticeable that in spite of the non-linearity and
asymmetry within the ±2 V applied bias regime, the I-V characteristics within a smaller
regime such as ±1 V or ±0.1 V were reasonably linear and symmetric indicating an ohmic
behavior. When plotted within such smaller regimes, the curves looked similar to those for
the Pd contacts (Figure 6.2). The current for the Ti/Au contacts to p-type nanowires also
showed a large variation in magnitude from sub-1 nA to over 10 µA. While a part of the
variation could be attributed to the variation in the diameter of the nanowires, part of it
could also be due to local defects in the nanowires or the contacts themselves.
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Figure 6.4: I-V characteristics of highly doped p-type Si nanowires contacted with a Ti (20
nm)/Au (205 nm) metallization scheme within an applied bias range of ±2 V for devices
before and after annealing at (a) 125 °C, (b) 150 °C, (c) 200 °C, (d) 250 °C, (e) 300 °C, and
(f) 350 °C.
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In case the contacts dominated the variation, a contact annealing could likely alter
the contact resistance via formation of a silicide phase and increase the current in a
reproducible manner. Accordingly, contact annealing was performed at several different
temperatures of 125, 150, 200, 250, 300, 350, 400 and 500 °C. All the annealing steps were
carried out for 15 min in a tube furnace at a flow rate of N2 of approximately 100 sccm.
After annealing, the current of the devices was again measured by two-point probing. Some
representative post-annealing I-V characteristics corresponding to the as-deposited I-V
characteristics presented in Figure 6.4 are shown in the same figure. As seen, the currents for
these specific devices increased after the contact annealing, though for some devices it
increased more significantly than others. Though all the I-V characteristics were found to be
linear within a smaller regime of ±0.1 V, some of them were found to be reasonably linear
over the entire applied bias regime of ±2 V similar to Figure 6.4 (c) and (d). Some other I-V
characteristics were either linear with varying slopes in the forward and reverse bias regimes
outside of the small bias regime of ±0.1 V (Figure 6.4 (a) and (e)), or linear in either one of
the forward or reverse bias regimes and non-linear in the correspondingly opposite regime
(Figure 6.4 (b) and (f)). Yet, there were I-V characteristics of some devices that were nonlinear under both bias conditions (not shown), though the actual currents might have
increased upon annealing. Similar observations were also made for devices where the
improvement upon annealing might not have been substantial though evident, or device
degradation occurred leading to lower currents after annealing as compared to the asdeposited condition.
Figure 6.5 shows a summary of the annealing response of a selection of devices with
Ti/Au contacts at the ends of the p-type Si nanowires with respect to their current values
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when they were annealed within a temperature range of 125-300 °C. K is defined likewise in
Section 6.1.1.2. Clearly, the current was found to have improved for a majority of the devices
upon annealing them in an N2 ambient within that temperature range. This is also evident
from I-V characteristics presented in Figure 6.4 for temperatures up to 300 °C. A summary
of the annealing response from similar devices but annealed within a higher temperature
range of 350-500 °C is shown in Figure 6.6. In this case too, the Ti/Au contacts at the ends
of the p-type nanowires were employed for the measurements. It was found that the
magnitude of increase in current was larger for higher annealing temperatures. However,
above 350 °C, the fraction of measured devices showing a lower or a zero current after
annealing compared to that before annealing also increased substantially. This implied that
the annealing process was causing some form of degradation of or discontinuation in the
contacts or the respective nanowire segments.
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Figure 6.5: Plot of the ratio of post-anneal to as-deposited values of I at V equal to 0.1 V for
various nanowire devices with Ti/Au metallization as a function of annealing temperature
between 125 °C and 300 °C.
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Figure 6.6: Plot of the ratio of post-anneal to as-deposited values of I at V equal to 0.1 V for
various nanowire devices with Ti/Au metallization as a function of annealing temperature
between 350 °C and 500 °C.
An overall device summary chart that was generated from the preliminary
investigation of the Ti/Au contacts to the p-type Si nanowires is presented in Table 6-1. The
first column represents the various annealing temperatures investigated. The third column
represents the number of devices for which the initial measured current was discernibly
higher than the noise within the measurement system. Column 4 lists the number of devices
that showed increase in current after the annealing step. Columns 5-9 classify the devices on
the basis of their quantitative increase in current measurable through the previously defined
parameter, K. The next two columns lists the number of devices showing an unreasonably
high or a zero current after annealing, which might have implied a newly generated shortcircuit or discontinuity in the contacts (or the enclosed nanowire segments), respectively.
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Noticeably, at temperatures up to 300 °C, there was a modest increase in current upon
annealing. Moreover, there were no devices showing a short-circuit path or an open circuit
path on application of a bias across the contacts. At temperatures equal to 350 °C and
higher, the increase in current in the devices that survived the annealing step was significant.
Nevertheless, there was also a large fraction of the total number of originally conductive
devices that produced either a short-circuit or an open-circuit signal after annealing. The
open-circuit signals could be due to discontinuities in the nanowire segments enclosed
between a pair of electrode-fingers. This could be either due to differential thermal
expansion of the nanowire and the electrode-fingers or owing to agglomeration of Au
nanoparticles and subsequent melting of an Au-Si phase formed in the region of the
nanowire surrounding the Au nanoparticles during annealing. On the contrary, the shortcircuit signals might have resulted from the formation of a short-circuit path along the
length of the nanowire due to an extensive diffusion of the contact metals or other factors
requiring further investigation. Thus, it followed from the chart that the most optimum postfabrication annealing treatment for the devices under consideration consisted of the 250 –
300 °C anneal when carried out for 15 min in an N2 ambient. Furthermore, it was obvious
that annealing at increasingly higher temperatures than the optimum temperature under
similar conditions was detrimental with a high likelihood of complete degradation of such
types of devices around 500 °C.
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Table 6-1: Annealing statistics processed from data compiled from all annealing experiments
on devices comprising the Ti/Au electrode-finger contact pad configuration for highly
doped p-type Si nanowires

6.1.3 Co/Al contacts
As seen in the case of the Ti/Au contacts to the p-type Si nanowires, there was not a
pronounced reproducibility of the current from one device to another in their ‘as-deposited’
state and also after they were annealed. As far as the reproducibility could be attributable to
the nature of the contacts, there was a possibility to better the same by choice of an
alternative contact metallization and through any subsequent post-fabrication annealing
treatment that may improve the current still further. With this aim, a contact scheme based
on Co and Al was explored.
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Co is known to form one or more silicides with Si depending on the processing
conditions. At temperatures higher than 550 °C, the silicide phase, CoSi2, is predominantly
formed as reported regarding studies on diffusion couples [68]. With an excess of Si and
limited Co, like in the case of a Co electrode contacting the Si nanowire, and with increased
surface-to-volume ratio of the nanowires, the CoSi2 phase was considered probable to have
formed even upon annealing at temperatures lower than 550 °C as reported for bulk samples
[76]. CoSi2 has a very low resistivity of 10-18 x 10-6 Ω-cm [77] and can form low resistance
ohmic contacts to Si as mentioned in Section 2.4. Upon initial examination, Co was also
found to have a very low reactivity with 10:1 BOE treatment, which was an integral part of
the adopted fabrication process-flow. Furthermore, Al was known to have been used quite
extensively as a contact metal in the Si-based microelectronics industry since it forms an
ohmic contact to p-type Si, has high conductivity and forms a protective oxide layer on the
top surface. One of the reasons it failed to keep ground with shrinking device dimensions
was that Si, to the amount of 0.5-1 atomic %, is found to dissolve into Al upon annealing at
450-500 °C such that the Al spikes into the n-type Si beneath the p-type Si layer of devices
with a p-n junction, thus destroying device functionality [78,79,80]. Hence, for shallow
junctions, Al was not a metal of choice. In the case of nanowires too, this might be a setback
if Al contacts were fabricated to nanowires with radial p-n junctions in the form of core-shell
heterostructures [19]. Since, for the present study, only p-type nanowires were used, it was
considered suitable to use Al as the contact metal.
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6.1.3.1 Fabrication
The contacts based on the Co/Al metallization scheme were fabricated using the
process flow III detailed in Appendix Section A.2. More specifically, a Ti (20 nm)/Pd (60
nm) layer was e-beam evaporated to fabricate the bus-bar layer following which a 100 nm
SOG layer was spun on the wafer and cured at 1000 °C to form the dielectric layer. The
alignment/probe-pad layer was next formed by depositing 20 nm of Ti followed by 80 nm
of Co. The Ti Layer aided in promoting the adherence of the Co layer, since the latter was
found to be more adherent to an underlying Ti layer than an SiO2 layer during the lift-off
and subsequent processing steps. Next, p-type Si nanowires were aligned on the wafer using
electric-field assisted assembly using a 10 KHz 10 V AC field. Afterwards, the nanowires
were treated with a 10:1 BOE solution for 15 s, immediately after which the anchor layer
was deposited by e-beam evaporating 200 nm of Al.

6.1.3.2 Electrical characteristics
Post-fabrication nanowire mapping was performed to select the prospective devices
on the wafer. Following that two-point probing was performed. Some of the representative
I-V characteristics measured from the devices are shown in the plots in Figure 6.7. It was
observed that there was a distribution of the current from as low as 10-12 A to values in the
range of 10-6 A. In general, most I-V characteristics were linear within a short range of
applied bias such as ±0.1 V or ±1 V. However, for many of those same curves, non-linearity
was observed within the full range of applied bias of ±2 V. This could be due to the
Schottky nature of the contacts. Moreover, though several devices produced symmetric I-V
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characteristics, symmetry was not observed for all the devices, which was very likely due to
the difference in the contact resistance of the two electrodes used for two-point probing.

Figure 6.7: I-V characteristics of highly doped p-type Si nanowires contacted with underlying
Co (80 nm) and overlying Al (200 nm) metallization scheme within an applied bias range of
±2 V for devices before and after annealing at (a) 250 °C, (b) 300 °C, (c) 350 °C, and (d) 400
°C.
In attempts to improve the performance of the contacts, the devices were annealed
at various temperatures for 15 min each in a tube furnace at a flow rate of N2 of
approximately 100 sccm. Based on the inference from the annealing experiments performed
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on the Ti/Au contacts, the temperatures were selected to be 200, 250, 300, 350 and 400 °C.
The 350 and 400 °C conditions were expected to be severe, but chosen nevertheless, since
even the approximate device degradation conditions were not known for such contacts.
Two-point probing was performed to detect and quantify the improvement in the current
through the contacts. In general, a majority of the I-V characteristics were found to have
become linear or nearly linear after annealing with the same slope in the positive and
negative bias regimes, which indicated the formation of ohmic contacts. Among the few I-V
characteristics that were not linear, many were symmetric in both bias regimes, which
indicated that the contacts at both ends were identical in electrical behavior. The postannealing I-V characteristics of each of the representative devices shown in Figure 6.7 are
superimposed on their respective plots in the same figure. As seen in the figure, the I-V
characteristics for these specific devices were linear. Additionally, for the same magnitude of
applied bias, the currents after annealing were substantially higher than their corresponding
values in the as-deposited condition.
A summary of the annealing response of all the studied devices regarding their
currents has been presented in Figure 6.8. K is defined previously to be the ratio of postanneal to as-deposited value of the current at a predefined applied forward bias of 0.1 V.
For the lower annealing temperatures of 200 and 250 °C, the currents were found to have
increased after annealing for all the devices that were investigated. As the temperature of
annealing was increased to the 300-350 °C range, the devices were again found to show an
increased current, though with the exception of a minority of them showing degradation.
For such devices, a short-circuit or an open-circuit response were recorded after annealing.
For the still higher annealing temperature of 400 and 450 °C, the number of devices showing
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degradation increased drastically with a majority of the devices recorded to have an opencircuit or short-circuit current response.
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Figure 6.8: Plot of the ratio of post-anneal to as-deposited values of I at V equal to 0.1 V for
various nanowire devices as a function of annealing temperature between 200 °C and 400
°C. Each two-probe measurement was conducted using the Co/Al contacts at the two ends
of a nanowire.
Table 6-2 presents the data in Figure 6.8 with an emphasis on the effect of the
various annealing conditions on the K value, as defined in Section 6.1.1.2 . The contents of
the various columns are similar to that of Table 6-1 and as previously explained in Section
6.1.2.2. Apart from the observations stated previously, it was found that as progressively
higher annealing conditions were applied, the magnitude of the K value also increased
steadily, thus indicating an increasing improvement with annealing at increasingly higher
temperatures up to 400 °C. However, higher annealing temperatures also translated to a
higher fraction of failing devices. This corroborated similar observations made previously on
Ti/Au contacts and possible explanations are similar to those presented in Section 6.1.2.2.
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Thus, the optimal annealing treatment was deemed to be the 15-min 250 °C-anneal in an N2
ambient. Likewise, annealing under similar conditions at 400 °C or above was found to be
very detrimental to such types of devices.
Table 6-2: Annealing statistics processed from data compiled from all annealing experiments
on devices comprising the Co/Al electrode-finger contact pad configuration for highly
doped p-type Si nanowires

6.1.4 Summary of contacts to p-type nanowires
So far, Pd, Ti/Au and Co/Al based metallizations have been discussed as contacts to
p-type Si nanowires. Since the highly doped p-type Si nanowires used for investigating the
different metallizations were grown in one batch, a direct comparison of the results on all
the metallizations was feasible. When all devices were compared in their as-deposited
condition across the three metallizations, the linearity of the I-V characteristics was not
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pronounced for any particular metallization over the others. The magnitude of the current
through the device was also found to follow a wide distribution for each of these
metallizations. Hence, none of the metallizations was optimal for low resistance ohmic
contacts in their as-deposited condition. Table 6-3 lists the number of devices for all
metallizations, categorized by the magnitude of the current measured after annealing. Clearly,
for each of the annealing conditions listed, the fraction of the total initial devices showing
very high currents (> 10 µA) after annealing was the maximum for the contacts based on
Co/Al metallization. Moreover, there was a pronounced linearity in the I-V characteristics of
the devices with Co/Al contacts after annealing compared to those of the devices with Pd
and Ti/Au contacts under similar conditions. Under these considerations, it was inferred
that the performance of the Co/Al contacts was superior to either of the Pd or the Ti/Au
contacts.
Two issues needed to be considered however: firstly, the number of devices
examined for the Pd contacts comprised a much smaller statistical sample compared to those
of the other contacts; secondly, the size and configuration of the Pd contacts were dissimilar
from those of the Ti/Au and Co/Al contacts, these two latter metallizations being similar by
design. While the Pd contacts were located in the space between the electrode-fingers of the
alignment/probe-pad layer, the contacts based on the Ti/Au and Co/Al metallization
schemes consisted basically of the electrode fingers of the underlying alignment/probe-pad
layer and those of the overlying anchor layer II with respect to the nanowires ‘sandwiched’ in
between such that the electrode spacings were similar for both metallizations. However,
both these issues could be considered not to significantly affect the inference about the
Co/Al contacts. This was because, for a majority of the devices with Co/Al contacts for
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which the currents were higher after annealing than in their as-deposited condition, the
absolute value of the current was actually as high as 10 µA or greater; additionally, the I-V
characteristics recorded were predominantly linear and symmetric after annealing, indicating
that the contact resistance had decreased and the contacts had become ohmic. Similar
observations were not made for either the devices with Pd contacts or those with Ti/Au
contacts.
Table 6-3: Summary chart of the number of devices categorized according to the absolute
value of current measured after annealing for the Pd, Ti/Au and the Co/Al contacts
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6.2 Contacts to n-type nanowires
Apart from the p-type Si nanowires, contacts to n-type Si nanowires were also
investigated. The n-type nanowires were synthesized as described in Section 1.2 using AAO
membranes as templates and had been harvested off the top of the membranes. Doping of
the nanowires with phosphorus was achieved using a phosphene (PH3) precursor gas and
verified to be in the range of 1019 cm-3 by secondary ion mass spectroscopy (SIMS) [81]. The
average diameter of the nanowires that were used for the studies was approximately 80 nm.

6.2.1 Ti/Au contacts
The Ti/Au contacts studied previously for p-type Si nanowires were found to
conduct currents as high as 1 µA in the ‘as-deposited’ state and their resistance could be
lowered further upon annealing. Based on that knowledge and similar motivation as stated
for the case of the p-type nanowires, a contact based on the Ti/Au metallization scheme was
investigated for the n-type Si nanowires.

6.2.1.1 Fabrication
Accordingly, the contact fabrication was undertaken using the process-flow III
described in Appendix Section A.2. To be specific, the bus-bar layer consisted of a Ti (20
nm)/Pd (60 nm) layer deposited by e-beam evaporation. The dielectric consisted of a 100
nm SOG layer created as described in earlier sections. The alignment/probe-pad layer was
composed of a Ti (20 nm)/Au (80 nm) metallization. The nanowires were next assembled
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on the wafer using a 10 KHz 8 V AC field. Finally the anchor layer I was formed by
depositing Ti (80 nm)/Au (200 nm) immediately after a 10:1 BOE treatment was applied to
the wafer for 15 s.

6.2.1.2 Electrical characteristics
Following fabrication and subsequent device mapping, two-point probing was
performed to measure the currents of the ‘as-deposited’ devices. The applied bias was
limited to a maximum range of ±2 V. Figure 6.9 shows the ‘as-deposited’ I-V characteristics
for some representative devices. In general, both ohmic and Schottky behavior were
observed in the recorded I-V characteristics using a maximum applied bias of ±2 V. A larger
fraction of I-V characteristics were found to be linear within a smaller bias regime of ±0.1 V
compared to ±2 V. The currents were usually greater than 10-9 A at the maximum applied
bias for a majority of the devices that had ohmic contacts. For devices with Schottky
contacts, similar observations were made under forward bias conditions. While symmetry
was inherent in the linear I-V characteristics of the devices with ohmic contacts, the I-V
characteristics of the devices with Schottky contacts were often asymmetric indicating a
difference in the barrier heights and/or the actual conductive area of the two contacts for
any particular device.
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Figure 6.9: I-V characteristics of highly doped n-type Si nanowires contacted with a Ti (20
nm)/Au (200 nm) metallization scheme within an applied bias range of ±2 V for devices
before and after annealing at (a) 100 °C, (b) 125 °C, (c) 150 °C, (d) 200 °C, (e) 250 °C, and
(f) 300 °C.
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The as-deposited data showed that many of the Ti/Au contacts formed ohmic
contacts to the n-type nanowires. In order to improve the current of the devices and make
the Schottky contacts progressively ohmic, the wafer was divided into smaller sections that
were then annealed using a tube furnace at various temperatures, viz., 100, 125, 150, 200,
250, 300, 350 400, 450 and 500 °C, for 15 min in a tube furnace at a flow rate of N2 of
approximately 100 sccm. The post-anneal I-V characteristics of the same representative
devices are shown in Figure 6.9. With the exception of most devices annealed at 100 °C and
those annealed at 400 °C and above, and one to two devices at other annealing temperatures
from 125 °C up to 300 °C, increases in current were observed without exception after
annealing. A significant fraction of the devices were measured to produce currents in the 106

-10-5 range at the maximum applied bias of ±2 V. Increased linearity in the I-V

characteristics from many of the devices and increased symmetry in the non-linear I-V
characteristics from other devices on the samples were observed. The former indicated the
conversion of predominantly Schottky-type contacts associated with those devices to nearly
ohmic contacts while the latter might have resulted in case the barrier heights of two
contacts became comparable.
The trends in the two-probe data from the pre- and post-annealing stages have been
summarized in Figure 6.10 for annealing temperatures within the range 100-300 °C. K is as
defined previously in Section 6.1.1.2. Good improvements in the current were observed for
all the temperatures within the given range with the maximum improvements recorded for
the higher end of the range between 200 and 300 °C. Table 6-4 lists the annealing
temperatures in Figure 6.10 along with additional temperatures that were investigated with
an emphasis on their effect on the currents through the various devices. The structure of the
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table and significance of the columns are similar to Table 6-1, which is explained in Section
6.1.2.2. Clearly, there was an improvement in the current upon annealing between 100 °C
and 300 °C, though the magnitude of improvement was approximately constant throughout
the range as seen by the value of K. In this sense, the effect of annealing on the Ti/Au
contacts to the n-type nanowires differed from that on the same type of contacts to the ptype nanowires where an increasing magnitude of improvement was observed with
increasing annealing temperatures up to the optimum temperature as mentioned in Section
6.1.2.2. Furthermore, a complete degradation was observed for all devices annealed at a
temperature of 350 °C and higher, since for each such device, two-point probing produced
only an open-circuit response after annealing, although a high current was recorded prior to
annealing.
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Figure 6.10: Plot of the ratio of post-anneal to as-deposited values of I at V equal to 0.1 V
for various n-type Si nanowiredevices as a function of annealing temperature between 100 °C
and 300 °C.
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Table 6-4: Annealing statistics compiled from pre- and post-anneal two-point probe I-V
data on devices comprising the Ti/Au contacts to highly doped n-type Si nanowires

Since the magnitude of improvement in current was independent of the annealing
temperature within the favorable range, an optimum temperature for post-fabrication
processing of the Ti/Au contacts to the n-type nanowires was established, based on the
fraction of initially conductive devices showing increase in current after annealing, to be
around 250 °C. Milder anneals might also produce the desirable reduction in contact
resistance with slightly prolonged annealing times.

6.2.2 Summary of contacts to n-type nanowires
Unlike the multiple metallization schemes that were designed for the p-type Si
nanowires, contacts based on only a Ti/Au metallization scheme were designed for two-
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point probing the n-type Si nanowires. Even so, the preliminary investigation aided in
developing an understanding of the electrical properties of the devices comprising those
nanowires. In general, the I-V characteristics were typical of the nanowire-based devices.
Maximum currents on the order of 10-6 A were measured within a ±2 V regime under a
current compliance limit of 10-5 A. Linearity in the I-V characteristics was observed for
several devices in the as-deposited state. In some other devices, linearity was observed after
annealing the devices in an N2 ambient for 15 min. The optimum temperature for annealing
was determined to be around 250 °C.
There was also considerable variation in the electrical data. Part of it could be
explained by the expected variation in the diameter of the Si nanowires originally used for
fabricating the contacts. The internal structure of the nanowires might also be responsible
for such variation, especially if there were structural imperfections such as crystallographic
defects, faults or polycrystalline regions in critical sections of the nanowires close to the
contacts. Among the processing related reasons, the uniformity of the BOE wet process
might be accountable for a part of the variation in the electrical data. If the native oxide
removal was incomplete in some of the patterned windows overlapping the nanowires, then
those sections of the nanowire were very likely not in an intimate contact with the top
metallization resulting in deviations in electrical characteristics of devices from those
expected based on nanowire mapping. Other factors include disparities in the dimensions of
the contacts owing to lithography or other processing related procedures.
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6.3 Need for multi-contact measurements
The refinement of the fabrication processes and the results from the two-point
probe measurements on the contacts to the Si nanowires were significant in many ways.
Much of that could be gauged from the discussion in Chapter 4 about the experimental
procedures and the ensuing discussion in this chapter about the implementation of the same
procedures to design contacts based on Pd, Ti/Au and Co/Al metallizations for the p-type
nanowires and a contact based on Ti/Au metallization for the n-type nanowires. On the
whole, a qualitative understanding of the electrical behavior of the various contact
metallizations, both in their as-deposited and post-annealing conditions, was developed. In
the process, the optimal conditions were determined through a statistical approach.
The success of the two-point probe measurements led to the necessity for separating
the contact resistance from the total device resistance which would further allow the
extraction of important parameters such as the specific contact resistance required for
developing a quantitative understanding of the performance of the contacts. Furthermore,
with multiple metallizations, there was a need for a rigorous comparison of the different
types of contacts for devices based on each type of Si nanowire. Accordingly, efforts were
directed toward application of the nanowire transmission line model as introduced in Section
4.3.1.1. This meant the realization of two or more additional electrodes to be present
between the electrode fingers of the alignment/probe-pad layer. Thus, the design and
implementation of the ‘multicontact’ probe pad configuration naturally followed resulting in
the creation of the respective mask and the corresponding modifications in the process flows
in the pursuit of those newly established goals. A discussion on the multicontact
measurements is presented in the following chapter.

Chapter 7
Metal Pad/Nanowire Contacts – II

7.1 Multicontacts to p-type nanowires
As pointed out in the Chapter 6, there was a need to move toward fabrication of
multiple contacts to the Si nanowires so that the resistance of the contacts and the nanowires
could be separately determined. Relevant parameters like the specific contact resistance of
the contacts could be extracted from the electrical measurements using the nanowire
transmission line model.

7.1.1 Al multicontacts
Al was chosen as one of the initial metallizations for the studies on multicontacts. As
mentioned in Chapter 6, it is used to form ohmic contacts to Si due to its high conductivity
and ability to form a protective oxide layer on the top. Besides, two-point probe data from
previous experiments on electrode-finger-type Al contacts to p-type Si nanowires was already
available for comparison.

7.1.1.1 Fabrication
Al multicontacts were fabricated to the p-type Si nanowires according to processflow IV in Appendix Section A.2 using the experimental procedures described in Chapter 4.
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More specifically, a Ti/Pd (20 nm/60 nm) metallization was e-beam evaporated to form the
bus-bar layer. The dielectric consisted of a 158 nm thick Si3N4 layer that was deposited using
low pressure chemical vapor deposition (LPCVD) and had a refractive index of 1.88. A
Ti/Au (20 nm/80 nm) metallization was deposited by e-beam evaporation as the
alignment/probe-pad layer. Afterwards, p-type nanowires were aligned on the wafer via
electric field-assisted assembly using a 10 V-1 kHz AC signal. Next, a 15 s 10:1 BOE
treatment was used to strip the nanowires of their native oxide immediately following which
a 160 nm layer of Al was e-beam evaporated to form the multicontact layer.
Figure 7.1 shows the low-magnification bright-field optical image of a typical
configuration of Al multicontacts immediately after fabrication. The four electrodes
originally patterned by e-beam lithography can be seen in the center. Note that the Ti/Au
alignment pads are to the far left and right sides of the nanowire, and the four Al contacts on
the nanowires are in between. The inset shows a grazing-angle optical image of the same set
of multicontacts at a higher magnification with the underlying p-type nanowire where the
geometry of the electrodes is more distinct. The width of the electrodes at the nanowire was
usually between 200 nm and 250 nm. Owing to their location and connection to the
electrode-pads in the alignment/probe-pad layer, the electrodes were named, starting from
left, as ‘West,’ ‘South,’ ‘North’ and ‘East,’ and abbreviated as W, S, N and E, respectively.
The separations between the electrodes were as listed in Table 4-1 and reproduced again in
Table 7-1.
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Figure 7.1: Low-magnification bright-field optical image of Al contacts in a multicontact
configuration. Inset shows a grazing-angle optical image of the same four Al electrodes in
higher magnification with a p-type Si nanowire beneath them.
Figure 7.2 shows the FESEM image of another typical nanowire device consisting of
a p-type Si nanowire with four Al electrodes in multicontact configuration. By design, the
separation between the electrodes constituting the WS, SN and NE electrode-pairs were 3, 2
and 1 µm, respectively. It is noteworthy, however, that the actual separations were found to
be smaller than originally designed, and therefore, determining them was critical to accurately
extracting the contact parameters. This variation, if not accounted for, could result in one or
more orders of magnitude difference in the extracted specific contact resistance values.
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Figure 7.2: FESEM image of a p-type Si nanowire with four Al electrodes in a multicontact
configuration. The I-V characteristics of this device are shown in Figures 7.3 and 7.4.
During the lift-off of the Al metallization for the multicontact electrodes, extreme
care was taken to allow the lift-off of the metallization layer to occur smoothly. Gentle rather
than harsh agitations in the Microposit 1165 solution heated at 60 °C were found to be a
critical requirement to produce cleaner lift-off with acceptable edge acuity. If lift-off was
incomplete within the 20-25 min stipulated time period, additional time in 1-2 min
increments was used to allow completion of the lift-off.
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7.1.1.2 Results and discussion

7.1.1.2.1 Electrical characteristics
Following fabrication, the devices of interest were identified using nanowire
mapping. Two-point probing was subsequently performed across each electrode-pair in the
multicontact configuration, viz., WS, SN, NE, WE, WN, and SE. The WS, SN and NE
electrode-pairs constituted of adjacent electrodes with no other electrode present between
them. On the contrary, the WE, WN and SE electrode-pairs had one or more electrodes
present between them. The I-V characteristics were found to be linear for several devices
indicating the possible formation of ohmic contacts. For other devices, non-linearity in the IV characteristics was more prevalent with a majority of the non-linear characteristics being
symmetric around the zero applied bias value.
Figure 7.3 shows the I-V characteristics of the nanowire device shown in Figure 7.2
in the ‘as-deposited’ condition measured across the WS, SN and the NE electrode-pairs. The
I-V characteristics showed reasonable linearity over the entire bias range. The current was
expected to decrease with increase in the length of the nanowire segment contained by the
electrode-pair, which was, in turn, proportional to the separation between the constituent
electrodes (ℓ) within the electrode-pair. The WS electrode-pair had the maximum separation
between its constituent electrodes and the NE electrode-pair had the least as presented
previously in Table 4-1 and reproduced in Table 7-1. Accordingly, the magnitude of the
measured current was found to be the largest for the NE electrode-pair and the smallest for
the WS electrode-pair for any given value of the applied bias as seen in Figure 7.3. Of all 27
devices probed, 41 % showed similar trends in I-V characteristics, though the characteristics
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were not always linear. The remaining devices had I-V characteristics that did not follow the
expected trend. Among several reasons, this could be due to the structural defects within the
nanowires or due to processing-related defects and/or discontinuities in the electrodes.
Table 7-1: Nominal electrode-to-electrode separation in the ‘multicontact’ masks I and II as
a function of electrode separation in the ‘alignment/probe-pad’ masks I and II, respectively
Process-flow III
Electrode separation in ‘alignment/probeAdjacent electrode separations in
pad’ mask I (µm)
‘multicontact’ mask I
ℓ1 (µm)
ℓ2 (µm)
ℓ3 (µm)
6
1.5
1.0
0.5
8
2.0
1.5
1.0
10
3.0
2.0
1.0
Process-flow IV
Electrode separation in ‘alignment/probeAdjacent electrode separations in
pad’ mask II (µm)
‘multicontact’ mask II
ℓ2 (µm)
ℓ3 (µm)
ℓ1 (µm)
8
2.0
1.5
1.0
10
3.0
2.0
1.0
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-2.00E-06
-2.50E-06
V (V)

Figure 7.3 I-V characteristics from the p-type Si nanowire device with Al contacts shown in
Figure 7.2 when it was two-point probed in the ‘as-fabricated’ condition using the electrodepairs WS, SN and NE within an applied bias of ±2 V.
Apart from the trend in the I-V characteristics, the current could provide an
important preliminary qualitative picture of the performance of the contacts. In general, the
currents through the various electrode-pairs were found to be equivalent or varying within
only an order of magnitude for any particular nanowire where all the electrodes and the
nanowire itself were found to be free of any detectable structural and morphological defects
related to processing. The currents within the maximum applied bias of ±2 V were found to
vary from 10-11 A to as high as the preset current compliance limit for the two-point probing
of 10-5 A. A detailed discussion is presented in the later part of this section.
Following two-point probing, some of the devices were annealed within a tube
furnace at 200 °C for 15 min in N2 ambient with the objective of lowering the resistance of
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the contacts. The flow rate of N2 was maintained at approximately 100 sccm. In general, the
I-V characteristics of the devices were found to have become more linear after the annealing
step. There was an increased symmetry in the I-V characteristics that were still non-linear
when compared to the corresponding I-V characteristics in the as-deposited condition.
Shown in Figure 7.4 are the I-V characteristics measured from the same device in Figure 7.3
using the WS, SN and NE electrode-pairs after annealing at 200 °C. The I-V characteristics
from all the electrode-pairs were found to be quite linear and to follow the expected trend of
increasing resistance with increasing spacing between electrodes.

1.50E-05

1.00E-05

5.00E-06

I (A)

WS
-2

-1.5

-1

0.00E+00
-0.5
0

SN
0.5

1

1.5

2

NE

-5.00E-06

-1.00E-05

-1.50E-05
V (V)

Figure 7.4: I-V characteristics of the p-type Si nanowire device with Al contacts shown in
Figure 7.2 when it was two-point probed using the electrode-pairs WS, SN and NE within
an applied bias of ±2 V after annealing at 200 °C for 15 min in N2.
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When considered together, Figures 7.3 and 7.4 show that the currents through all the
electrode-pairs increased after annealing. This is represented in Figure 7.5, in which for each
of the WS, SN and NE electrode-pairs, the I-V characteristics are shown in one comparative
plot for the as-deposited and annealed conditions. Similar comparative plots for the WE,
WN and NE electrode-pairs are presented in Figure 7.6. Clearly, the currents can be seen to
have increased after annealing at 200 °C. It may also be noted that the actual magnitude of
the increase in current is different for the different electrode-pairs. Ideally, if the nanowire
resistivity were unaffected and the improvement in all the electrodes were similar upon
annealing, the current through closely placed electrode-pairs would be expected to increase
by a higher magnitude than that through more distantly placed electrodes since the
contribution of the nanowire to the total electrode-to-electrode resistance would be smaller
in the former case than in the latter case. Indeed, a similar observation was made for the
presently discussed nanowire device as indicated by Figures 7.5 and 7.6 and also for all other
annealed devices with Al multicontacts.
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Figure 7.5: I-V characteristics of the p-type Si nanowire device with Al contacts shown in
Figure 7.2 before and after annealing at 200 °C for 15 min in N2 when it was two-point
probed using (a) WS, (b) SN and (c) NE electrode-pair and within an applied bias of ±2 V.
These electrode-pairs had no other electrodes between them.
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Figure 7.6: I-V characteristics of the p-type Si nanowire device with Al contacts shown in
Figure 7.2 before and after annealing at 200 °C for 15 min in N2 when it was two-point
probed using (a) WN, (b) WE and (c) SE electrode-pair and within an applied bias of ±2 V.
These electrode-pairs had other electrodes located between them.
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The overall statistics from the studies on the Al multicontacts are presented in
Table 7-2. Among all the prospective devices, 33 % were found to have a current of greater
than 1 pA for all the six electrode-pairs in the as-deposited condition. The physical
significance was that all the four electrodes, viz., the W, S, N and E electrodes, were
conductive above the system noise level which was usually within 10-100 fA. Furthermore,
when the I-V characteristics followed the expected trends in current with gap spacing
between contacts, as described earlier in this section, the devices could be considered for
further investigation to extract the specific contact resistance of the Al contacts to the
nanowire using the nanowire transmission line model. Of all the devices annealed at 200 °C,
83 % of them showed increased currents for all the six electrode-pairs. This was likely due to
the decrease in the contact resistance of the electrodes at the nanowire/Al interface. In that
respect, annealing was deemed useful to lower the resistance of the contacts.
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Table 7-2: Statistical summary of the performance of Al multicontacts fabricated on p-type Si
nanowire devices. Annealing of the devices was performed at the specified temperature for
15 min in N2.

Once the devices that exhibited linear or nearly linear I-V characteristics measured across all
the WS, SN and NE electrode-pairs and those that also showed increasing current with
decreasing electrode spacing were identified, the extraction of the relevant contact
parameters was made possible through the application of the NTLM.
In a strict sense, the specific contact resistance is defined as the resistance at the
origin of the I-V characteristic. However, the I-V characteristics were not always strictly
linear. In all such cases the devices became more conductive with positive or negative bias.
Therefore, the NTLM was first applied at a conveniently chosen value of current as
presented in the next section, and then at the origin as presented in Section 7.1.1.2.1.2,
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following which a comparison has been made between the corresponding values extracted
from the two different points of application of the NTLM.

7.1.1.2.1.1 Application of NTLM at a fixed current
Firstly, a fixed current (Ifixed) value was chosen that was suitably close to the origin
with respect to the entire I-V characteristic for each of the WS, SN and NE electrode-pairs.
For the case of the device whose as-deposited I-V characteristics are shown in Figure 7.3,
this value was chosen to be -4 x 10-7 A. Since a data point consisting of a (V, I) pair where
the current value was exactly equal to the chosen Ifixed value could not be located on the I-V
curve for any of the electrode-pairs, the values for V at the chosen I equal to -4 x 10-7 A had
to be determined by interpolation. Accordingly, for each electrode-pair, two I values were
chosen on the I-V characteristic such that they were nearest to the chosen Ifixed value.
Table 7-3 lists the V values (V1 and V2) corresponding to the chosen I values (I1 and I2) for
each electrode-pair.
Table 7-3: Chosen values of V, (V1 and V2) and corresponding currents (I1 and I2) for each
of the electrode-pairs WS, SN and NE used in the analysis in Section 7.1.1.4.
Electrode-pair
WS
SN
NE

V 1 (V)
-0.97
-0.66
-0.46

I 1 (A)
-7

-4.03 X 10
-7
-4.05 X 10
-7
-4.05 X 10

V 2 (V)

I 2 (A)

-0.96
-0.65
-0.45

-3.99 X 10
-7
-3.98 X 10
-7
-3.98 X 10

-7

Using those V and I values, V values at the chosen fixed I value were interpolated for each
electrode-pair. These are listed in Table 7-4 as Vinterpolated values. The total resistance (RT) values
corresponding to the electrode-pairs were then determined using Eq. 7.1. These values are as
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shown in the same table. The RT values were found to be in the range of 106 Ω for all three
electrode-pairs.

RT =

Vint erpolated

(7.1)

I fixed

Table 7-4: Value of V (Vinterploated) interpolated using the chosen value of I (Ifixed). The values of
the total resistance of the contacts and the enclosed Si nanowire segments (RT) are calculated
using Vinterploated and Ifixed. The values of the lengths of the Si nanowire segments (ℓ) are
determined using FESEM.
Electrode-pair

I fixed (A)

WS
SN
NE

-4 X 10
-7
-4 X 10
-7
-4 X 10

-7

ℓ (cm)

V interpolated (V)

R T (Ω)

-0.96
-0.65
-0.45

2.41 X 10
6
1.63 X 10
6
1.13 X 10

6

-4

2.88 X 10
-4
1.90 X 10
-5
9.33 X 10

Also listed in Table 7-4 are the actual lengths (ℓ) of the nanowire segments between the
electrodes which constitute the electrode-pairs as determined using FESEM. The values of
the actual lengths of the nanowire segments were critical to accurately determining the
specific contact resistance of the Al multicontacts. In the ideal case, if the nanowire were
aligned perpendicular to all the electrodes and the electrode dimensions were equal to their
corresponding dimensions in the EBL mask, it would have been quite straightforward to
determine the lengths of the nanowire segments between the electrodes by measuring the
separation between the electrodes. As mentioned previously, the electrodes were found to be
tens of nanometers larger than their design widths due to resolution errors associated with
the EBL tool. Moreover, owing to the very nature of the electric-field assisted assembly
process, the probability of obtaining a nanowire aligned perfectly perpendicular to all the
electrodes was low. Therefore, it was necessary to determine the actual lengths of the
nanowire segments along their line of underlap with the overlying metallization using
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FESEM as shown in Figure 7.7. The lengths of the nanowire segments between the WS, SN
and NE electrode-pairs for the present device were measured to be approximately 2.88 µm,
1.90 µm and 9.33 µm, respectively, which were in close agreement to the separations of 3
µm, 2 µm and 1 µm, respectively, of the constituent electrodes of the WS, SN and NE
electrode-pairs in the EBL mask.

Figure 7.7: Silicon nanowire aligned at an angle to the overlapping multicontact electrode.
Since the nanowire was not aligned perpendicular to the multicontact electrode, the actual
spanned length of nanowire segment between the electrodes was larger than the electrode
spacing.
The diameter of the nanowire was also measured using FESEM at four different
locations along the length of the nanowire and the average diameter calculated using the four
values was used to determine the radius, r. For the device whose I-V characteristics are
shown in Figure 7.3, the radius of the nanowire was determined to be 44 nm. Similarly, the
width of each Al electrodes was measured along its line of overlap with the underlying
nanowire using FESEM and the average value was taken as the length of the contacts, L.
The value of L was determined to be 247 nm for the nanowire in question. As mentioned
previously, this average length was greater than the ‘design’ length of 200 nm corresponding
to the width of the electrodes in the EBL mask.
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Once the RT, ℓ, r and L values were known, the dependence of RT on ℓ was
examined. Figure 7.8 shows the three markers for the three pairs of data points (RT, ℓ)
corresponding to the three electrode-pairs listed in Table 7-4. The NTLM model explained
in Section 4.3.1.1 was then applied to estimate the values of the resistivity of the nanowire
(ρs) and the transfer length (LT) under the assumptions that the contacts were essentially
similar in properties and dimensions and they were not necessarily ‘long’ i.e. L < 3LT, the
latter of which was examined subsequently. Accordingly, a Mathematica® code (Appendix
Section B.1) was used to curve-fit the three pairs of data points to the general equation for
contact resistance, Eq. 4.3 (reproduced below as Eq. 7.2). The advantage was that if the
contacts were actually long (L > 3LT), Eq. 7.2 could still be used since the actual equation
for ‘long’ contacts (Eq. 4.4) was a special case of the general equation, Eq. 7.2.

R T vs. length
3.00E+06
2.50E+06

RT (ohm)

2.00E+06
1.50E+06

y = 7E+09x + 479875
R2 = 0.9859

1.00E+06
5.00E+05
0.00E+00
0.00E+00 5.00E-05 1.00E-04

1.50E-04

2.00E-04

2.50E-04 3.00E-04

3.50E-04

length (cm)

Figure 7.8: The calculated total resistance value of the contacts and the enclosed Si nanowire
segment (RT) plotted as a function of the length of the Si nanowire segment (ℓ) measured by
FESEM.
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RT =

L
ρs
{2 LT coth( ) + l}
2
LT
πr

(7.2)

Table 7-5 lists the ρs and LT values obtained for the present device, Device 1, by curve-fitting
the data points in the plot in Figure 7.8 to Eq. 7.2. The nanowire resistivity was determined
to be approximately 0.44 Ω-cm and the transfer length was 0.19 µm. Using these values, the
specific contact resistance (ρs) and the contact resistance (Rc) of the Al contacts were further
calculated using Eqs. 7.3 and 7.4, respectively, and found to be approximately 7.4 x 10-5 Ωcm2 and 1.63 x 105 Ω, respectively, as also listed in Table 7-5.

2ρ L
ρc = s T
r

Rc =

2

ρ s LT
coth( L LT )
πr 2

(7.3)

(7.4)

The preceding analysis was based on generalized equations and was valid. If a simplified
analysis based on the assumption of ‘long’ contacts were to be applied, the value of LT was
required to be smaller than approximately 0.08 µm. From Table 7-5, this condition was far
from met in case of Device 1. Therefore, for this device, the contacts could not have been
considered ‘long.’ Likewise, two other p-type Si nanowire devices, Device 2 and Device 3,
were also investigated. The RT vs. ℓ data for these devices can be found in Appendix Section
C.1. The contact parameters calculated in a manner similar to the preceding discussion are
shown for these devices in Table 7-5.
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Table 7-5: Contact parameters extracted using the nanowire transmission line model for
three p-type Si nanowire devices with Al contact metallization in the as-deposited condition.
I fixed (A)
Device-1
Device-2
Device-3

r (nm)

-7

-4 x 10
-7
-4 x 10
-7
-4 x 10

44
40
40

L (µ m) ρ s (Ω-cm) L T (µ m)
0.25
0.25
0.24

0.44
1.06
0.07

0.19
0.27
0.12

2
ρ c (Ω-cm )
-5

7.42 X 10
-4
3.85 X 10
-6
5.23 X 10

R c (Ω)
5

1.63 X 10
5
7.94 X 10
4
1.80 X 10

Recall that the B concentration in the p-type Si nanowires used for the present
nanowire devices was estimated to be approximately 1019 cm-3 by secondary ion mass
spectroscopy as mentioned previously in Chapter 1. The ρs value for Device 1 of 0.44 Ω-cm
was much smaller than the intrinsic resistivity of Si of 2.3 x 105 Ω-cm [59] at 300 K, which
confirmed that the Si nanowire was heavily doped. (Note that for p-type Si nanowires with
similar doping and synthesized under similar conditions, Wang et al. from our group have
previously reported a resistivity of 0.25 (±0.12) Ω-cm using a four-point probe technique
[50].) However, the ρs value for Device 1 was also an order of magnitude higher than 0.01 Ωcm, which was the expected bulk resistivity of p-type Si with a B concentration of 1019 cm-3
at the same temperature [59]. If the SIMS value were accurate, this might indicate that the
ionized acceptor concentration in the nanowires was less than 1019 cm-3; however, the SIMS
value was just an estimate and there could be uncertainties associated with the SIMS
measurements due to the small dimensionality of the nanowires. Comparatively, the ρs value
of Device 2 of 1.06 Ω-cm is still an order of magnitude higher than Device 1, but that of
Device 3 of 0.07 Ω-cm is closer to the expected value of 0.01 Ω-cm. The resistivity of the ptype Si nanowires for Devices 1-3 was found to be 0.50 (±0.47) Ω-cm. Variations in B
concentration of the nanowires could occur during their growth. These may partly explain
the observed variation in ρs.
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The LT values for the three devices were within 0.12-0.27 µm, which when compared
to the average contact lengths of the devices of 0.23-0.25 µm, indicated that the contacts
were not ‘long’ contacts. This meant that a sizeable fraction of the total
metal/semiconductor interface at each of the Al/Si nanowire contacts was actually
responsible for the current transfer between the Al electrodes and the nanowire. The RT
values of the contacts were found to vary in the 104-105 Ω range. More importantly, the
value of ρc, which is a parameter independent of the geometry of the contacts and represents
the quality of the contacts more exactly, was found to vary from 3.85 x 10-4 Ω-cm2 for
Device 2 to 5.23 x 10-6 Ω-cm2 for Device 3. These values were reasonable when compared to
ρc values reported in the literature for Al contacts to heavily doped bulk p-type Si substrates
[82].

7.1.1.2.1.2 Application of NTLM at zero applied voltage
The contact parameters were also calculated on the basis of the total resistance
between an electrode-pair at zero applied bias, again by way of application of the NTLM.
For each electrode-pair, in order to calculate the RT values at zero applied bias, two values of
V (V1 and V2) nearest to the origin were appropriately chosen to be 0.01 V and -0.01 V,
respectively. The I values (I1 and I2) were accordingly determined from the I-V
characteristics corresponding to the respective electrode-pairs and are listed in Table 7-6.
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Table 7-6: Values of V nearest to origin (V1 and V2), and corresponding currents (I1 and I2)
for each of the electrode-pairs WS, SN and NE for a p-type nanowire with Al multicontacts
(Device 1) in the as-deposited condition.
Electrode-pair
WS
SN
NE

V 1 (V)

I 1 (A)
-9

-4.26 x 10
-9
-5.85 x 10
-9
-8.90 x 10

-0.01
-0.01
-0.01

V 2 (V)

I 2 (A)

0.01
0.01
0.01

4.21 x 10
-9
5.71 x 10
-9
8.88 x 10

-9

The V1, V2, I1 and I2 values were then used to calculate the values of RT associated with each
of the electrode-pairs at zero applied bias according to Eq. 7.5, where the infinitesimal
increment in voltage, dV equals V2 - V1, and the infinitesimal increment in current, dI
similarly equals I2 - I1. These RT values are listed in Table 7-7. Also shown in Table 7-7 are
the ℓ values associated with each electrode-pair, which were determined by FESEM as it has
been discussed previously.

RT =

dV
dI

(7.5)

Table 7-7: Values of the total resistance of the contacts and the enclosed Si nanowire
segments (RT) for Device 1. The values of the lengths of the Si nanowire segments (ℓ) were
determined using FESEM.
Electrode-pair
WS
SN
NE

dI (A)

dV (V)
-9

8.47 x 10
-8
1.16 x 10
-8
1.78 x 10

ℓ (cm)

R T (Ω)
-2

2.00 x 10
-2
2.00 x 10
-2
2.00 x 10

6

2.36 x 10
6
1.73 x 10
6
1.13 x 10

-4

2.88 x 10
-4
1.90 x 10
-5
9.33 x 10

The subsequent application of the NTLM to extract the various contact parameters for
Device 1 was performed according to the discussion in Section 7.1.1.2.1.1 for the fixed I.
Accordingly, the ρs, LT, Rc and ρc values were calculated at the zero V condition and are
shown in Table 7-8 along with the contact parameters calculated likewise for the other two
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devices, Devices 2 and 3, referred to in Section 7.1.1.2.1.1. The RT vs. ℓ values for Devices 2
and 3 can be found in Appendix Section C.1.
Table 7-8: Contact parameters extracted using the nanowire transmission line model at 0 V
for four p-type Si nanowire devices with Al contact metallization in the as-deposited
condition.
V 0 ± (V)
Device 1
Device 2
Device 3

0.01
0.01
0.01

r (nm)
44
40
40

L (µ m) ρ s (Ω-cm) L T (µ m)
0.25
0.25
0.24

0.38
1.07
0.15

0.29
0.28
0.12

2
ρ c (Ω-cm )
-4

1.49 X 10
-4
4.14 X 10
-5
1.05 X 10

R c (Ω)
5

2.69 X 10
5
8.43 X 10
4
3.59 X 10

A comparison of the contact parameters for all of Devices 1-3 listed in Table 7-8
with those listed for the same devices in Table 7-5 shows reasonable agreement between the
values calculated using the ‘fixed I’ and ‘zero V’ approaches. For Device 2, the ρs, LT, Rc and
ρc values extracted using the former approach were within 1, 4, 6 and 7 %, respectively, of
the corresponding values extracted using the latter approach. Accordingly, a nanowire
resistivity of 0.53 (±0.48) Ω-cm calculated using the latter approach was consistent with the
corresponding value calculated using the former approach (Section 7.1.1.2.1.1). (Note again
that for p-type Si nanowires with similar doping and synthesized under similar conditions,
Wang et al. from our group have previously reported a resistivity of 0.25 (±0.12) Ω-cm using
a four-point probe technique [50].) For Devices 1 and 3, the Rc values were of the same
order of magnitude for both approaches but the ρc values calculated using the ‘zero V’
approach were found to be nearly twice of those calculated using the ‘fixed I’ approach. That
was because, for each of the electrode-pairs for these two devices, the slope of the I-V
characteristic was observed to increase with increasing V in both the positive- and negativebias regimes. Thus, using this latter approach, specific contact resistances of 1.05 x 10-5, 1.49
x 10-4 and 4.14 x 10-4 Ω-cm2 had been extracted for Devices 3, 1 and 2, respectively. The

161
overall variation of the various contact parameters for all the three devices could be
explained in a manner similar to the discussion in Section 7.1.1.2.1.1. For the convenience of
comparison, the results from Tables 7-5 and 7-8 are presented in Table 7-9.
Table 7-9: Summary of contact parameters extracted using the nanowire transmission line
model via the ‘fixed I’ and ‘zero V’ approaches for p-type Si nanowire devices, Devices 1-3,
with Al contact metallization in the as-deposited condition.
Device #

r

(nm)
Device 1 44
Device 2 40
Device 3 40

L
ρ s (Ω-cm)
L T (µ m)
ρ c (Ω-cm2)
R c (Ω)
Condition
(µm)
I DS =-4x10-7A V DS =0V I DS =-4x10-7A V DS =0V I DS =-4x10-7A V DS =0V
I DS =-4x10-7A V DS =0V
-5
-4
5
5
0.25 As-deposited
7.42 X 10
1.49 X 10
1.63 X 10
2.69 X 10
0.44
0.38
0.19
0.29
-4
-4
5
5
0.25 As-deposited
3.85
X
10
4.14
X
10
7.94
X
10
8.43
X
10
1.06
1.07
0.27
0.28
-6
-5
4
4
0.24 As-deposited
5.23 X 10
1.05 X 10
1.80 X 10
3.59 X 10
0.07
0.15
0.12
0.12

7.1.1.2.2 Defect isolation for materials characterization
For the two-point probe measurements, as shown previously in Table 7-2, there
were several devices for which I values lower than 1 pA were measured using one or more Al
electrode-pairs, while for the same device, I values greater than 1 pA up to the preset current
compliance between 1-10 µA were measured using the remaining electrode-pairs. In order to
explain such discrepancies, materials characterization was deemed highly essential. It was
conceivable that either a contact or nanowire segment between the contacts was defective.
Often times, there were more than one possibility that might result in the observation of a
particular pattern of high and low-current electrode-pairs from a device when the currents of
all the six electrode-pairs were considered together. However, it was also possible that a
small number of unique current patterns existed that could arise from only one particular
combination of defects in one or more specific electrodes or nanowire segments.
Accordingly, each such pattern could be considered as a signature to its corresponding
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unique possibility, or in other words, to the unique combination of defects that could then
be further examined via materials characterization or otherwise.
With this objective, a matrix-based approach was used to understand the
dependencies of the different variables in dictating the final observed current response from
all the electrode-pairs on any one device. The variables consisted of the four electrodes in
the multicontact configuration, viz. W, S, N and E, and the nanowire segments contained by
these electrodes, which will henceforth be referred to as ‘ws’, ‘sn’ and ‘ne’ corresponding to
the segments contained by the WS, SN and NE electrode-pairs, respectively. Table 7-10
presents the various possibilities for all the various current patterns from two-point probing
using the six different electrode-pair combinations. The bolded electrode-pairs under the
‘electrode current pattern’ column represent those electrode-pairs for which the measured I
values were discernibly greater than the semiconductor parameter analyzer noise level to be
acceptable as a genuine signal owing to current transport through the segment of the
nanowire device in question; the faint electrode-pairs represented the contrary. Similarly, the
bolded electrodes and nanowire segments under the ‘possibilities’ column represent, for any
given current response pattern listed in the corresponding ‘electrode current pattern’
column, those electrodes and nanowire segments that need to be functional (or conductive)
in order to result in that specific current response pattern. Clearly, as mentioned previously,
some cases were readily identified in which the current response for the device could be
attributed to more than one possibility. However, it is those remaining cases, in which the
observed current response for the device could only be explained by a unique possibility,
that were the most interesting of all from the point of view of a detailed examination. In this
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regard, this approach was extremely useful in isolating some interesting devices which will be
discussed in course of the following sections.
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Table 7-10: Predicted patterns of I-V characteristics for Si nanowire-based devices and their
relation to the functionality of the contact-electrodes and the enclosed nanowire segments
for each such nanowire device. For a description of the contents of the table, please refer to
the preceding discussion.
Pattern # Electrode Current Pattern
WS-SN-NE-WN-WE-SE
1-a

Possibilities
ws-sn-ne W-S-N-E

2-a
2-b
2-c

WS-SN-NE-WN-WE-SE

ws-sn-ne W-S-N-E
ws-sn-ne W-S-N-E
ws-sn-ne W-S-N-E

3-a

WS-SN-NE-WN-WE-SE

ws-sn-ne W-S-N-E

4-a

WS-SN-NE-WN-WE-SE

ws-sn-ne W-S-N-E

5-a
5-b
5-c
5-d
5-e
5-f
5-g
5-h
5-i
5-j

WS-SN-NE-WN-WE-SE

ws-sn-ne
ws-sn-ne
ws-sn-ne
ws-sn-ne
ws-sn-ne
ws-sn-ne
ws-sn-ne
ws-sn-ne
ws-sn-ne
ws-sn-ne

6-a
6-b
6-c

WS-SN-NE-WN-WE-SE

ws-sn-ne W-S-N-E
ws-sn-ne W-S-N-E
ws-sn-ne W-S-N-E

7-a
7-b
7-c
7-d
7-e
7-f
7-g
7-h
7-i

WS-SN-NE-WN-WE-SE

ws-sn-ne
ws-sn-ne
ws-sn-ne
ws-sn-ne
ws-sn-ne
ws-sn-ne
ws-sn-ne
ws-sn-ne
ws-sn-ne

8-a

WS-SN-NE-WN-WE-SE

ws-sn-ne W-S-N-E

9-a
9-b
9-c
9-d
9-e
9-f
9-g
9-h
9-i
9-j

WS-SN-NE-WN-WE-SE

ws-sn-ne
ws-sn-ne
ws-sn-ne
ws-sn-ne
ws-sn-ne
ws-sn-ne
ws-sn-ne
ws-sn-ne
ws-sn-ne
ws-sn-ne

10-a
10-b
10-c

WS-SN-NE-WN-WE-SE

ws-sn-ne W-S-N-E
ws-sn-ne W-S-N-E
ws-sn-ne W-S-N-E

11-a

WS-SN-NE-WN-WE-SE

ws-sn-ne W-S-N-E

12-a
12-b
12-c

WS-SN-NE-WN-WE-SE

ws-sn-ne W-S-N-E
ws-sn-ne W-S-N-E
ws-sn-ne W-S-N-E

13-All 0's WS-SN-NE-WN-WE-SE

ws-sn-ne

W-S-N-E
W-S-N-E
W-S-N-E
W-S-N-E
W-S-N-E
W-S-N-E
W-S-N-E
W-S-N-E
W-S-N-E
W-S-N-E

W-S-N-E
W-S-N-E
W-S-N-E
W-S-N-E
W-S-N-E
W-S-N-E
W-S-N-E
W-S-N-E
W-S-N-E

W-S-N-E
W-S-N-E
W-S-N-E
W-S-N-E
W-S-N-E
W-S-N-E
W-S-N-E
W-S-N-E
W-S-N-E
W-S-N-E

W-S-N-E
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7.1.1.2.3 Materials Characterization
Based on the matrix approach explained in Section 7.1.1.2.2, all nanowire devices
with unique current patterns were isolated for investigation using FESEM. For one such
device, the electrode current pattern was identified as equivalent to the case 3-a in Table 710. Accordingly, the likelihood of a defective sn segment for the nanowire was hypothesized.
Figure 7.9 shows the FESEM image of the nanowire device. Indeed, from the actual image,
the sn segment of the nanowire was found to have ‘melted’ confirming the hypothesis.
Though the exact cause of melting could not be immediately established, it possibly occurred
due to localized Joule heating facilitated by highly conductive S and N electrodes and abetted
by the presence of a high density of structural defects within the nanowire at the affected
region.
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Figure 7.9: FESEM image of a p-type Si nanowire with four Al electrodes in a multicontact
configuration. The nanowire appears to have ‘melted’ in between the S and N electrodes
resulting in a discontinuity.
Other types of defects that were revealed using FESEM included discontinuities in
the Al electrodes leading to the actual contact region at the nanowire, discontinuities in the
nanowires at electrode edges in a fracture-like manner and without any evidence of melting
and a combination of the different types of defects discussed so far. In general, the defects
could be structural or those attributable to processing or electrical probing. Examples of
structural defects included those embedded within the nanowires resulting from their
growth. Processing-related defects would likely include discontinuities in the multicontact
electrodes and discernible damage to the electrodes or the nanowires attributable to
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annealing. Yet another type of defects that could be due to probing would include
overheating or melting. For these latter type of defects and those possibly resulting from
annealing, it was especially useful to ensure that two-point probe measurements in the ‘asdeposited’ condition indeed produced I-V characteristics with decidedly high I values
through the respective devices or their parts thereof. Occasional anomalies from the
expected possibilities based on the matrix approach were also observed (in the ‘as-deposited’
condition and after annealing at 200 °C) that could not be explained by direct FESEM
observation. For such cases, investigation of the Al/Si nanowire interface was subsequently
undertaken using an indirect approach as explained in the following section.

7.1.1.3 Al/Si nanowire reaction studies
Three samples including one control sample were prepared in order to examine the
reaction of Al with Si nanowires upon annealing under the same conditions as used for the
actual samples. Accordingly, three 1 cm x 1 cm pieces cleaved from a p-type Si wafer (with a
resistivity of 10 Ω-cm) were degreased with acetone and IPA for 1 min each, rinsed with DI
water and then blown dried with N2. Next, they were dipped in 10:1 buffered oxide etch
(BOE) for 2 min to remove the native oxide from the surface and again blown dried using
N2. Afterwards, p-type Si nanowires, which were previously released from alumina templates
and stored in an IPA solution, were dispersed on the two Si pieces using the IPA solution
and the solution was allowed to dry. The samples were then treated with 10:1 BOE solution
for 15 s to strip the native oxide off the nanowires. Attention was paid to align each of the Si
pieces such that its surface containing the nanowires faced upwards in order to minimize the
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loss of Si nanowires into the BOE solution. The Si pieces were then subjected to a gentle DI
water rinse followed by drying with N2. Promptly afterwards, they were loaded into an ebeam evaporation system (BOC Edwards Auto 306) for Al deposition.
It should be noted that all the experimental steps following the initial BOE surface
treatment up to loading the samples in the e-beam system had to be executed in very quick
succession in order to ensure that there was minimum oxide regrowth on the surface of the
Si pieces as well as the Si nanowires. This was critical for the latter since any oxide present
might adversely affect the reaction of Al with the Si nanowires and skew observed results.
Afterwards, Al was deposited on all the samples up to a total thickness of 80 nm, which was
approximately equal to the average diameter of the Si nanowires used in the studies. Two of
the samples thus prepared were annealed, one at 200 °C and the other at 250 °C, in a tube
furnace at a flow rate of N2 equal to 95 sccm.
Following the annealing step, the two samples and the control sample were treated
with an Al etchant. The etchant solution was prepared by mixing DI water, nitric acid, acetic
acid and phosphoric acid in approximately 16:1:1:1 ratio. It was heated to 50 °C for 5 min.
Subsequently, the three samples were treated, one at a time, with this solution for 30-60 s
until the Al layer was completely etched away. The samples were then thoroughly rinsed with
DI water to remove any etchant and blown dried with N2.
FESEM was used to examine the samples. Figure 7.10 shows the FESEM image of a
nanowire from the sample annealed at 200 °C. As seen in the image, pits were observed on
the surface of the Si wafer piece and also on the surface of the Si nanowire. The size
distribution of these pits was in the range of tens of nanometers. Similar observations were
also made on the sample annealed at 250 °C as shown in the FESEM image in Figure 7.11.
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For both the annealed samples, there were also a handful of nanowires with no visible
pitting, which could be due to an unfavorable orientation of the nanowires at their interface
with the Al metallization resulting in negligible dissolution of Si into Al during subsequent
annealing.
In the case of Al multicontacts to Si nanowires, owing to the nanoscale dimensions
of the contacts, pitting could alter the current transport at the contacts especially if pits of
critical dimensions were formed at the Al/Si interface after annealing. In this respect, pitting
might be partly responsible for the anomalous current patterns mentioned in Section
7.1.1.2.2.
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Figure 7.10: FESEM image of a p-type Si nanowire and the underlying substrate showing
evidence of pitting after the deposition an 80 nm thick Al thin film, annealing at 200 °C for
15 min in N2 and subsequent etching away of the Al film.
Pitting with respect to Al metallization on Si-based devices has also been reported in
the literature since it was responsible for the frequent failure of devices in Si
microelectronics, especially in the case of shallow junctions. Si is soluble in Al, and during
annealing, Si diffuses into Al forming pits in the Si. The solubility of Si in Al is 0.5-1 %
within 450-500 °C, which is a commonly used temperature range in Si-based manufacturing
technology and is below the eutectic temperature as shown in Figure 7.12. The present study
was nevertheless useful in extending this observation to the case of Si nanowires and lower-
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temperature processing, and offering a likely explanation for the observed variation in the
currents.

Figure 7.11: FESEM image of a p-type Si nanowire and the underlying substrate showing
evidence of pitting after the deposition an 80 nm thick Al thin film, annealing at 250 °C for
15 min in N2 and subsequent etching away of the Al film.
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Figure 7.12: Al-Si phase diagram [78].

7.1.1.4 Summary
Al multicontacts were fabricated on heavily doped p-type Si nanowires. Two-point
probe measurements were done to determine the electrical response of the devices. Many of
the devices were found to have ohmic contacts. Annealing was performed at 200 °C for 15
min in N2 ambient on a selection of devices to lower the resistance of the contacts. Indeed, a
majority of the annealed devices showed decidedly higher currents after annealing. Some of
the devices that showed random improvements or degradation were selected for materials
characterization based on a matrix approach. Some anomalies in the current response of the
devices could be explained by FESEM to be due to structural defects in nanowires or due to
defects arising from processing, annealing or the electrical measurements themselves. An
alternative etch-back experiment was undertaken to study the pitting of Si due to its reaction
with Al upon annealing of the Al contacts and some of the anomalies that could not be
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explained by the above types were attributed to spiking of the metallization. Furthermore,
this led to the investigation into aluminide contacts as described later in Section 7.1.3.

7.1.2 Co multicontacts
In Chapter 5, the importance of Co as a contact metal was discussed in detail from
the perspective of Si nanowires. The results on Co-based nanowire heterojunction contacts
to p-type Si nanowires were also presented with an emphasis on the structural integrity of the
heterojunction nanowires, especially at the very region of the heterojunction contact and also
within the length of the nanowire. The presence of Au in the form of nanoparticles
combined with no controllability over its diffusion within the nanowire heterostructures
upon annealing was cited as a deterrent to the consideration of those heterostructures for
immediate applications in nanoelectronic devices. From a point of view of the present thesis
too, the extraction of relevant contact parameters like the nanowire resistivity and the
specific contact resistance values from electrical measurements on these heterostructures was
deemed to be highly complicated due to the presence of the Au nanoparticles.
Co multicontacts were considered as an alternative approach to studying the
electrical and structural properties of a Co/Si nanowire contact. The following sections
present the investigation into such types of contacts.

7.1.2.1 Fabrication
The fabrication of Co multicontacts was performed in a similar manner as the Al
multicontacts discussed in Section 7.1.1.1 using the process-flow IV (Appendix Section A.2).

174
Briefly, the bus-bar consisted of a Ti/Pd (20 nm/60 nm) layer. After depositing a 158 nm
Si3N4 dielectric layer by LPCVD, a Ti/Au (20 nm/80 nm) layer was deposited to fabricate
the alignment-probe-pad layer. Afterwards, heavily doped p-type Si nanowires were
assembled on the wafer and their native oxide was removed by a 15 s 10:1 BOE etch
treatment immediately before a 150 nm Co top metallization was e-beam evaporated to form
the Co multicontacts.

7.1.2.2 Results and discussion

7.1.2.2.1 Electrical characteristics
Nanowire mapping was performed after completion of fabrication of the Co
multicontacts. The visibly perfect devices were then two-point probed using all the six
electrode-pairs as described in Section 7.1.1.2.1 regarding Al multicontacts. Figure 7.13
shows the I-V characteristics from a typical p-type nanowire device with Co multicontacts in
the ‘as-deposited’ condition when two-point probing was performed using the WS, SN and
NE electrodes-pairs within an applied bias of ±2 V. For this device, the currents increased
with decreasing lengths of the nanowire segments associated with the WS, SN and NE
electrode-pairs, as discussed previously in Section 7.1.1.2.1, in the positive bias regime but
not in the negative bias regime. For the NE electrode-pair, the current was distinctly higher
in positive bias compared to that under an equal magnitude of negative bias.
In general, the I-V characteristics from all the measured devices were observed to
follow a wide variety of trends in current vs. voltage. A majority of all measured devices
showed a decrease in current with longer nanowire segments in at least one or both the bias
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regimes. Occasionally, higher resistance was observed even for smaller electrode separations.
Numerous devices were found to produce linear I-V characteristics when two-point probed
using one or more electrode-pairs due to the formation of ohmic contacts between those
electrodes and the Si nanowire underneath. In general, the less resistive devices showed
more linearity in their I-V characteristics. Several other two-point probe measurements
produced non-linear I-V characteristics. This was likely due to rectifying nature of one or
both of the relevant multicontact electrodes associated with the measurements. In some
cases, the non-linear plots showed considerable symmetry. Currents were found to be as
high as the preset compliance limit of 10 µA for some independent two-point probe
measurements.
Afterwards, about half the initial number of the devices were annealed in a tube
furnace at 200-250 °C for 15 min in N2. Nearly 50 % of those devices showed an increase in
current after annealing. For one such device, the I-V characteristics in the ‘as-deposited’
condition are shown in Figure 7.13.
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Figure 7.13: I-V characteristics from a p-type Si nanowire device with Co contacts when the
it was two-point probed in the ‘as-deposited’ condition using the WS, SN and NE electrodepairs within an applied bias of ±2 V.
Figure 7.14 displays the I-V characteristics of the same device after a 200 °C annealing step
when measured similarly. In this case, the reverse-bias I-V characteristics showed higher
currents with decreasing electrode separations unlike the case of the ‘as-deposited’ condition.
The improvement in the performance of the contacts can also be seen in the same figure;
however, a better representation is presented in Figure 7.15, which shows the comparative IV characteristics of the p-type nanowire device referred to in Figures 7.13 and 7.14 before
and after annealing for the WS, SN and NE electrode-pairs. Clearly, the currents were found
to have increased for all the electrode-pairs, especially, even in case of the WS one, which
was not obvious in the Figures 7.13 and 7.14.
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Figure 7.14: I-V characteristics of the p-type Si nanowire device with Co contacts referred to
in Figure 7.13 after annealing at 200 °C for 15 min in N2. Two-point probing was performed
using the WS, SN and NE electrode-pairs within an applied bias of ±2 V.
In general, the variation in the nature of the I-V characteristics was mirrored even
after annealing. Linearity was observed in some of the recorded I-V characteristics. Other IV characteristics demonstrated more rectifying behavior for the Co multicontacts, though
those non-linear I-V characteristics were found to have become increasingly symmetric after
annealing. Variations in I ranged from 1 pA up to the 10-µA preset current compliance limit
for some independent two-point probe measurements.
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Figure 7.15: I-V characteristics of the p-type Si nanowire device with Co contacts referred to
in Figures 7.13 and 7.14 before and after annealing at 200 °C for 15 min in N2 when it was
two-point probed using (a) WS, (b) SN and (c) NE electrode-pairs and within an applied
bias range of ±2 V.
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A statistical summary of the all devices for which the performance of the Co
multicontacts were evaluated is shown in Table 7-11. Of all the devices two-point probed in
the as-deposited condition, 61 % had their maximum currents greater than 1 pA within the
entire applied bias regime. Among the devices annealed between 200-250 °C, 30 % of the
devices showed improvement in currents regarding exactly three of the six possible
electrode-pairs. The physical significance of these and other results shown in Table 7-11 can
be better comprehended by referring to the previously presented discussion regarding
Table 7-2 about the Al multicontacts. On the whole, annealing was found to be a beneficial
step for the Co multicontacts. This was because a majority of the devices that showed overall
improvement in terms of producing higher currents and/or more linear I-V characteristics
upon annealing had produced currents distinctly higher than the lower limit of 1 pA even in
their as-deposited condition, which allowed a more realistic comparison with their behavior
after annealing; on the contrary, a majority of the devices that failed to show an overall
improvement upon annealing had their currents limited to the lowermost orders of
magnitude in the observed range even in the as-deposited condition.
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Table 7-11: Statistical summary of the performance of Co multicontacts fabricated on p-type
Si nanowire devices. Annealing of the devices was performed at the specified temperatures
for 15 min in N2.

7.1.2.2.2 Materials characterization
Using the matrix-based approach discussed in Section 7.1.1.2.2, the devices of
interest from a materials characterization perspective were isolated and examined using
FESEM. Discontinuities in electrodes and/or nanowires, morphological and structural
defects in the nanowires, undesirable presence of multiple nanowires between electrodepairs and other defects discussed previously regarding the Al multicontacts were also
observed for the Co multicontacts. However, a more serious processing-related systematic
defect was exposed by FESEM that was not so obvious during visual inspection of the Co
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multicontacts using optical microscopy. Figure 7.16 shows an FESEM image of Co
electrodes in a ‘multicontact’ configuration on a p-type Si nanowire device. These electrodes
and a large majority of other electrodes on the wafer suffered from inferior lift-off of the Co
metallization resulting in poor edge acuity of the electrodes even at their junctions with the
nanowires. This meant that it was no longer feasible to accurately determine the actual
lengths of the nanowire segments between the electrodes. Thus, even though there existed
some devices for which the currents increased with decreasing electrode separations of the
electrode-pairs, there was no way of extracting the specific contact resistance and the other
relevant contact parameters for the Co multicontacts from those devices. This was obviously
a setback to the present experimental objective.
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Figure 7.16: FESEM image of Co electrodes in a multicontact configuration on a p-type Si
nanowire device. The edge acuity is poor and makes accurate determination of the length of
the nanowire segment enclosed between the contacts very difficult.
Several attempts were subsequently made to rectify this processing problem by
systematically varying the deposition variables for Co deposition within the e-beam
evaporator. These variables included the base pressure (BP) of the e-beam evaporator, ebeam current, sweep-rate of the e-beam, sample rotation and temperature. Other variables
such as the operating pressure (OP) of the e-beam evaporator and the filament current were
found to be dependent on the primary variables mentioned earlier. Attempts to obtain
cleaner lift-offs were also made by carrying out the deposition of the total amount of Co
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through smaller steps in time or thickness and/or by increasing the interval between the
deposition steps without breaking vacuum in the e-beam evaporator with the aim of
efficiently dissipating the accumulated heat from the sample stage. Other attempts to
facilitate cleaner lift-offs included using a different e-beam evaporator (Kurt Lesker AXXIS
system) and using alternative deposition techniques such as thermal evaporation. However,
with the exception of a minority of random electrodes on the wafer, it still remained a
formidable challenge to obtain a clean lift-off of the Co multicontact layer even down to a
thickness of 80 nm (which was nearly half of the original 150 nm thickness) by any of the
above mentioned process variations in conjunction with using the PMMA-copolymer-based
double-layer resist process for the EBL.
One of the approaches to solution of the persistent lift-off problem with the Co
multicontacts was to find an alternative EBL resist process that would be more compatible
to the relevant thicknesses. Another approach was to use a Co/Al-based metallization
scheme for the multicontacts layer where the thickness of the Co and Al layers could be
tuned to obtain cleaner lift-offs. More importantly, a hybrid Co/Al contact could perhaps
outperform either Co or Al just by itself. These issues will be discussed in Section 7.1.3 on
Co/Al multicontacts.

7.1.2.3 Summary
Co multicontacts were fabricated to p-type Si nanowires using a similar approach as
Al multicontacts. Two-point probing revealed high currents in the 1-10 µA range for many
of those devices on using one or more of the WS, SN and the NE electrode-pairs. Some of
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the devices were subsequently annealed between 200-250 °C. If any improvement in the
performance of the Co multicontacts was observed, it might be due to the formation of a
cobalt silicide phase. Indeed some of the annealed devices showed a higher current through
one or more of the electrode-pairs. However, FESEM observation revealed a widespread
poor lift-off problem with this type of contact, which was a hindrance to the extraction of
the specific contact resistance values based on the NTLM. A variety of processing variations
were implemented but the lift-off problem was found to persist for Co layers down to even
half the original desired thickness values. In order to address this issue and to leverage the
combined effects of Co and Al multicontacts, an alternative hybrid Co/Al-based
metallization was proposed for further studies on multicontacts to p-type Si nanowires.

7.1.3 Co/Al multicontacts
So far, Al and Co multicontacts to p-type Si nanowires had been fabricated and their
electrical properties had been investigated. It was observed that while the Al multicontacts
were easily lifted-off, their contact resistance was high and could not be lowered by
annealing. On the other hand, as-deposited Co has a low Schottky barrier height on Si (0.42
eV). Co multicontacts showed ohmic contacts in their as-deposited condition and lower
contact resistance upon annealing but they could not be lift-off with acceptable edge acuity
at thicknesses of the order of 140 to 160 nm required to ensure continuity of the electrodes
across the nanowires they overlapped. Therefore, a metallization scheme consisting of a thin
Co layer (≤ 20 nm) topped by a thick Al layer (≈ 140 nm) was considered to be the most
promising next step to obtain low resistance ohmic contacts that could be easily lifted-off.
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Electrode-finger contacts based on a Co/Al metallization had been studied
previously as discussed in Section 6.1.3. They were found to be the most conductive among
other contacts, viz., Pd- and Ti/Au-based contacts studied in a similar geometry on similarly
doped Si nanowires. Annealing within temperatures of the order of 250-350 °C in N2 was
found to be optimum in further lowering the contact resistance of the Co/Al contacts while
preserving the integrity of the devices. Based on these previous studies and with the aim of
overcoming the limitations of the multicontacts fabricated with either just Al or just Co, the
following investigation on Co/Al multicontacts to the heavily doped p-type Si nanowires was
carried out.

7.1.3.1 Fabrication
The fabrication of the Co/Al contacts was performed in accordance with the
process-flow IV presented in Appendix Section A.2. Ti/Pd (20 nm/60 nm) was e-beam
evaporated to form the bus-bar layer followed by deposition of approximately 100 nm of
SOG dielectric. The alignment/probe-pad layer consisted of Ti/Au (20 nm/60 nm).
Afterwards, heavily doped p-type Si nanowires were assembled using a 8-10 V, 10 kHz AC
field. A 15-s BOE treatment was used for the native oxide removal. Finally, the Co/Al
multicontacts were formed by depositing 20 nm of Co and then depositing Al up to a total
Co/Al layer thickness of 160 nm.
Figure 7.17 shows the FESEM image of one of the devices with Co/Al (20 nm/140
nm) multicontacts. The lift-off was clean and the edge-acuity had evidently improved over
that of the Co multicontacts discussed in Section 7.1.2.2.2. Similar observations were made
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regarding several other devices too. However, there will still some sections of the wafer
where a clean lift-off was not observed for one or more electrodes associated with a device.
The separations between the electrodes were in close agreement with those in the mask
design as mentioned in Table 4-1. In most other respects, the Co/Al multicontacts were
similar to the Al multicontacts. In this regard, the reader is referred to the relevant discussion
presented in Section 7.1.1.1 about Al multicontacts.

Figure 7.17: FESEM image of Co/Al electrodes in a multicontact configuration on a p-type
Si nanowire device.

187
7.1.3.2 Results and discussion

7.1.3.2.1 Electrical characteristics
Following fabrication and subsequent nanowire mapping, the devices with Co/Al
multicontacts were electrically characterized using two-point probe measurements. The
measurements were performed in a similar manner as for the Al multicontacts discussed in
Section 7.1.1.2.1. Figure 7.18 represents the I-V characteristics from the nanowire device
shown in Figure 7.17 when probed using the WS, SN and NE electrode-pairs in the asdeposited condition. As seen in the figure, the I-V characteristics were quite linear. The
currents through the three electrode-pairs also followed the trend expected in accordance
with the lengths of the nanowire segments contained between their respective constituent
electrodes, as previously discussed in Section 7.1.1.2.1. In general, the devices were found to
be quite conductive, and several independent two-point probe measurements revealed linear
I-V characteristics. Currents were recorded from 1 pA up to 10 µA, which was the preset
current compliance limit of the semiconductor parameter analyzer. Some of the I-V
characteristics that were not linear were symmetric about the origin.

188

3.00E-06

2.00E-06

I (A)

1.00E-06
WS
-2

-1.5

-1

0.00E+00
-0.5
0

SN
0.5

1

1.5

2

NE

-1.00E-06

-2.00E-06

-3.00E-06
V (V)

Figure 7.18: I-V characteristics from the p-type Si nanowire device with Co/Al contacts
shown in Figure 7.17 when it was two-point probed in the ‘as-fabricated’ state using the WS,
SN and NE electrode-pairs within an applied bias of ±2 V.
Two sets of devices containing approximately one-fifth the total number devices
with Co/Al were annealed in a tube furnace each at 200 °C and 250 °C for 15 min in N2
supplied at a flow rate of approximately 100 sccm. A marginally lesser number of devices
were also annealed at 120 °C for studying the effect of milder annealing treatments, though
the 200-250 °C was already determined to be an optimum annealing temperature based on
previous results on electrode-finger contacts as discussed in Section 6.1.3.2. In general, there
was a wide variation in the nature of I-V characteristics as also in the distribution of currents
of the annealed devices. With the exception of a few independent two-point probe
measurements, the devices (or their parts thereof) that produced linear I-V characteristics in
the as-deposited condition were essentially the ones that also showed linear I-V
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characteristics after annealing. Table 7-12 presents a summary of all the devices with Co/Al
multicontacts that were studied during this investigation. For 27 % of all examined devices in
the as-deposited condition, all the six electrode-pairs were found to produce a current
greater than 1 pA. Among the annealed devices, 10 % of all devices were those in which all
six electrode-pairs showed higher currents after annealing when compared to the asdeposited condition. The same percentage of all annealed devices also showed improvement
in exactly three electrode-pairs after annealing while 28 % showed improvement in exactly
one of the electrode-pairs. The physical significance of these findings can be better
understood by referring to a similar discussion for the Al multicontacts presented in Section
7.1.1.2.1.
Table 7-12: Statistical summary of the performance of Co/Al multicontacts fabricated on ptype Si nanowire devices. Annealing of the devices was performed at the specified
temperatures for 15 min in N2.
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Generally speaking, annealing was found to be beneficial since 60 % of the devices
showed increases in currents for at least one electrode-pair after annealing. Many other
devices were either indifferent to annealing or showed signs of degradation upon annealing.
Also, the 200-250 °C anneals were found to be more effective in comparison to the milder
120 °C anneal.

7.1.3.2.1.1 Application of NTLM at a fixed drain-source current
Following fabrication, some of the devices with linear I-V characteristics from the
WS, SN and NE electrode-pairs both in the as-deposited and annealed conditions and
devoid of any edge irregularities related to the actual electrodes were selected for further
consideration to extract the specific contact resistance values. Accordingly, the NTLM was
employed in the case of the present Co/Al multicontacts in a manner similar to that
described previously in Section 7.1.1.2.1.1. For one of the devices, Device 1, an I value (close
to the origin) of 5 x 10-7 A was chosen for analysis. Table 7-13 lists the corresponding I1, I2,
V1 and V2 values obtained from the I-V characteristics for each of the electrode-pairs
around the chosen Ifixed value.
Table 7-13: Chosen values of V, (V1 and V2) and corresponding currents (I1 and I2) for each
of the electrode-pairs WS, SN and NE used in the analysis in the present section (Section
7.1.3.2.1.1).
Electrode-pair
WS
SN
NE

V 1 (V)
0.74
0.54
0.39

I 1 (A)
-7

4.96 X 10
-7
4.99 X 10
-7
4.92 X 10

V 2 (V)

I 2 (A)

0.75
0.55
0.40

5.03 X 10
-7
5.09 X 10
-7
5.05 X 10

-7
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Next, the Vinterpolated values corresponding to the I and V values listed in Table 7-13 were
calculated as discussed in Section 7.1.1.2.1.1. They are shown in Table 7-14 for all the
electrode-pairs. The RT values were then obtained from the Ifixed and Vinterpolated values by using
Eq. 7.1 as discussed previously for the case of the Al multicontacts. They are also shown in
Table 7-14 along with the lengths of the nanowire segments corresponding to the electrodepairs determined from the FESEM image of the device.
Table 7-14: Value of V (Vinterploated) interpolated using the chosen value of current (Ifixed). The
values of the total resistance of the contacts and the enclosed Si nanowire segments (RT) are
calculated using Vinterploated and Ifixed. The values of the lengths of the Si nanowire segments (ℓ)
are determined using FESEM.
Electrode-pair I fixed (A)
WS
SN
NE

ℓ (cm)

V interpolated (V)

R T (Ω)

0.75
0.54
0.40

1.49 X 10
6
1.08 X 10
5
7.92 X 10

-7

5 X 10
-7
5 X 10
-7
5 X 10

6

-4

2.02 X 10
-4
1.47 X 10
-5
9.62 X 10

Figure 7.19 shows the RT vs. ℓ plot obtained using the values in Table 7-14. Furthermore, the
radius of the nanowire and the average length of the contacts overlapping the nanowire were
also determined from the FESEM image.
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R T vs. length
1.60E+06
1.40E+06

RT (ohm)

1.20E+06
1.00E+06
y = 7E+09x + 140501
R2 = 0.9948

8.00E+05
6.00E+05
4.00E+05
2.00E+05
0.00E+00
0.00E+00

5.00E-05

1.00E-04

1.50E-04

2.00E-04

2.50E-04

length (cm)

Figure 7.19: The calculated total resistance value of the contacts and the enclosed Si
nanowire segment (RT) plotted as a function of the length of the Si nanowire segment (ℓ)
measured by FESEM.
Once the (RT, ℓ) data points were known for the WS, SN and NE electrode-pairs,
the NTLM was applied following the discussion presented in Section 7.1.1.2.1.1.
Accordingly, Eq. 7.2 was used to extract the ρs and the LT values, which are shown in
Table 7-15. Subsequently, the contact resistance (Rc) and the specific contact resistance (ρc)
values were obtained for the device using Eq. 7.4 and Eq. 7.3, respectively, as shown in
Table 7-15. Similarly, three other devices with Co/Al multicontacts were also investigated.
The various contact parameters hence obtained for these devices, Device 2, 3 and 4, are also
listed in Table 7-15.
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Table 7-15: Contact parameters extracted using the nanowire transmission line model at a
fixed I value of 5 x 10-7 A for four p-type Si nanowire devices with Co/Al contact
metallization in the as-deposited condition.
I fixed (A)
Device 1
Device 2
Device 3
Device 4

-7

5 x 10
-7
5 x 10
-7
5 x 10
-7
5 x 10

r (nm)
46
51
38
48

L (µ m)
0.23
0.25
0.23
0.27

ρ s (Ω-cm) L T (µ m)
0.13
0.31
0.55
0.47

0.47
0.37
0.10
0.11

2
ρ c (Ω-cm )
-4

1.18 x 10
-4
1.61 x 10
-5
3.12 x 10
-5
2.16 x 10

R c (Ω)
5

1.91 x 10
5
2.33 x 10
5
1.27 x 10
4
7.01 x 10

From Table 7-15, the nanowire resistivity for Devices 1-4 was found to be 0.37
(±0.19) Ω-cm. Within experimental error, this value is similar to the nanowire resistivity of
0.50 (±0.47) Ω-cm calculated similarly for the Al multicontacts (Section 7.1.1.2.1.1). Note
that for p-type Si nanowires with similar doping and synthesized under similar conditions,
Wang et al. from our group have previously reported a resistivity of 0.25 (±0.12) Ω-cm using
a four-point probe technique [50]. The ρs values in Table 7-15 were about an order of
magnitude higher than that expected from p-type Si with a B concentration of 1019 cm-3 [59],
which was estimated to be the B concentration via SIMS for the p-type nanowires used in
the present study. However, as emphasized previously, the SIMS result was just an estimate
since there were possible limitations and related uncertainties associated with the SIMS
measurements owing to the small dimensions of the nanowires. Hence, it was possible that
the calculated ρs values were close to the bulk values, which implied that the B concentration
might have been an order of magnitude or so lower than that estimated by SIMS. The RT
values of the respective devices were found to be in the range of 104-105 Ω, the higher values
being in the same order of magnitude as those of the Al multicontacts listed in Table 7-5.
Most significantly, the specific contact resistance (ρc) values of the respective devices were in
the 10-4-10-5 Ω-cm2 range, with the lowest ρc value observed for Device 4 to be 2.16 x 10-5 Ω-
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cm2. Thus, even in the as-deposited condition, the Co/Al contacts in these specific devices
were found to be quite conductive.

7.1.3.2.1.2 Application of NTLM at zero applied voltage
A parallel analysis, similar to the analysis using a fixed current, had also been done
based on the resistance at origin (V = 0 V), as described previously in Section 7.1.1.2.1.2.
For Device 1, Table 7-16 shows the I values, I1 and I2, corresponding to the V values, V1
and V2, nearest to the origin (V = 0 V). For the same device, the RT values were determined
using Eq. 7.5, where dV equals V2 - V1 and dI equals I2 - I1 as defined previously. The RT
values along with the ℓ values for the various electrode-pairs are shown in Table 7-17.
Table 7-16: Values of V nearest to origin (V1 and V2), and corresponding currents (I1 and I2)
for each of the electrode-pairs WS, SN and NE used in the analysis in the present section.
Electrode-pair
WS
SN
NE

V 1 (V)

I 1 (A)
-8

-1.10 x 10
-8
-1.35 x 10
-8
-1.87 x 10

-0.01
-0.01
-0.01

V 2 (V)

I 2 (A)

0.01
0.01
0.01

1.10 x 10
-8
1.36 x 10
-8
1.87 x 10

-8

Table 7-17: The values of dV and dI were calculated using V1, V2, I1 and I2. The values of the
total resistance of the contacts and the enclosed Si nanowire segments (RT) were calculated
using dV and dI. The values of the lengths of the Si nanowire segments (ℓ) were determined
using FESEM.
Electrode-pair

dI (A)

dV (V)

WS
SN
NE

2.20 x 10
-8
2.71 x 10
-8
3.74 x 10

-8

ℓ (cm)

R T (Ω)
-2

2.00 x 10
-2
2.00 x 10
-2
2.00 x 10

5

9.09 x 10
5
7.38 x 10
5
5.35 x 10

-4

2.78 x 10
-4
1.85 x 10
-5
8.79 x 10
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Table 7-18 presents the values of the relevant parameters ρs, LT, ρc and Rc extracted
using the NTLM for Device 1. A similar analysis was done on Devices 2, 3 and 4 and the
values of the various parameters that were extracted are also shown in Table 7-18. Clearly,
for Devices 1 and 2, these values listed in Table 7-18 were within 6 % of those listed in
Table 7-15. The nanowire resistivity was found to be 0.27 (±0.18) Ω-cm, which, within
experimental error, is similar to the nanowire resistivity of 0.53 (±0.48) calculated similarly
for Al multicontacts (Section 7.1.1.2.1.2). Note again that for p-type Si nanowires with
similar doping and synthesized under similar conditions, Wang et al. from our group have
previously reported a resistivity of 0.25 (±0.12) Ω-cm using a four-point probe technique
[50].
Table 7-18: Contact parameters extracted using the nanowire transmission line model at a V
value of 0 V for four p-type Si nanowire devices with Co/Al contact metallization in the asdeposited condition.
V 0 ± (V)
Device 1
Device 2
Device 3
Device 4

0.01
0.01
0.01
0.01

r (nm)
46
51
38
48

L (µ m) ρ s (Ω-cm) L T (µ m)
0.23
0.25
0.23
0.27

0.13
0.31
0.13
0.50

0.44
0.36
0.93
0.05

2
ρ c (Ω-cm )
-4

1.12 x 10
-4
1.58 x 10
-4
5.88 x 10
-6
5.47 x 10

R c (Ω)
5

1.83 x 10
5
2.29 x 10
6
1.07 x 10
4
3.60 x 10

For Devices 3 and 4, the deviations in the various parameters were larger compared to those
of the other devices due to a pronounced variation in the resistance with applied bias for the
NE electrode-pair. The effect was seen most strongly for the NE electrode-pair most likely
because the nanowire length was shortest between that electrode-pair, which led to the most
pronounced variation in current with applied bias resulting from the otherwise ‘leaky’
Schottky barriers serving as ohmic contacts for all the electrode-pairs since the contact
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resistance was a larger fraction of the total resistance. Nevertheless, the results from the two
approaches were found to yield a similar trend.

7.1.3.2.1.3 Application of NTLM on annealed devices
As mentioned previously, nearly one-fifth of the total number of as-deposited
devices were annealed at 250 °C. The devices selected for application of NTLM had linear IV characteristics even after annealing. This meant that the electrical characteristics as well as
the contact parameters could actually be directly compared to the as-deposited values.
Table 7-19 lists the various contact parameters extracted using the NTLM based on a fixed I
value of 5 x 10-7 A. The ρs values of Devices 1 and 2 after annealing were within 23 % of the
corresponding values in the as-deposited condition. For Devices 3 and 4, the ρs values
differed by 71 % and 53 %, respectively. Overall, the nanowire resistivity for Devices 1-4
was 0.20 (±0.05) Ω-cm.
Table 7-19: Contact parameters extracted using the nanowire transmission line model at a
fixed I value of 5 x 10-7 A for the same four p-type Si nanowire devices with Co/Al contact
metallization listed in Table 7-15 after annealing at 250 °C.
I fixed (A)
Device 1
Device 2
Device 3
Device 4

-7

5 x 10
-7
5 x 10
-7
5 X 10
-7
5 x 10

r (nm)
46
51
38
48

L (µ m) ρ s (Ω-cm) L T (µ m)
0.23
0.25
0.23
0.27

0.16
0.27
0.12
0.22

0.14
0.18
0.33
0.06

2
ρ c (Ω-cm )
-5

1.37 x 10
-5
3.16 x 10
-5
6.84 X 10
-6
3.59 x 10

R c (Ω)
4

3.62 x 10
4
6.31 x 10
5
1.41 X 10
4
1.92 x 10

As seen in Table 7-19, the Rc values of Devices 1, 2 and 4 were in the range of 104 Ω.
For Devices 1 and 2, those values were about an order of magnitude smaller when compared
to the corresponding ‘as-deposited’ values shown in Table 7-15. Even in case of Device 4, a
marginal decrease in the Rc value was observed after annealing at 250 °C. The ρc values for
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the annealed devices were in the range of 10-5-10-6 Ω-cm2 and also showed a decrease in
comparison with the corresponding ‘as-deposited’ values. The decrease was almost by an
order of magnitude for Devices 1, 2 and 4. On the whole, ρc values as low as 3.59 x 10-6 Ωcm2 and 1.37 x 10-5 Ω-cm2 were obtained for Devices 4 and 1, respectively. The LT values of
all devices except Device 3 decreased by 10 % to 70 % of the corresponding LT values for
the same devices before annealing. For Device 3, the transfer length remained almost
unchanged even after annealing. The decrease in LT values after annealing was consistent
with the decrease in the ρc values. This observed decrease in the specific contact resistance of
the Co/Al multicontacts after annealing might have been due to the formation of a low
resistance cobalt silicide phase, which could have formed even at lower than expected
temperatures due to the low dimensionality and augmented surface reactivity of the
nanowires that were involved. The Al might also have diffused through the thin Co layer to
create regions of low contact resistance along the metal/semiconductor interface. The phase
formation in the Co/Al multicontacts is discussed in Section 7.1.3.3.2.
Besides the preceding analysis, the data from the annealed devices were also analyzed
using the NTLM model based on the zero V value. This analysis was carried out in a manner
similar to that reported for the as-deposited condition and the values of the various contact
parameters are presented in Table 7-20. For all devices, the ρs values were within 77 % of the
‘as-deposited’ values listed in Table 7-18. Except Device 3, which was considered to be an
outlier, the overall nanowire resistivity for Devices 1, 2 and 4 was found to be 0.21 (±0.05)
Ω-cm. This value was consistent with the overall nanowire resistivity for all devices extracted
upon application of NTLM at the ‘fixed I’ value. The total resistance and the specific contact
resistance values were found to decrease upon annealing for all devices. The ρc values were in

198
the range of 10-4-10-6 Ω-cm2 with the lowest value extracted for Device 4 at 1.79 x 10-6 Ωcm2 and Device 1 demonstrating the maximum decrease in the specific contact resistance
from its ‘as-deposited’ value to one-tenth the same value after annealing. Consistent with the
decrease in the ρc values after annealing, the LT values for all devices were also found to have
decreased by 17 % to 70 % of the ‘as-deposited’ values.
Table 7-20: Contact parameters extracted using the nanowire transmission line model at a V
value of 0 V for the same four p-type Si nanowire devices with Co/Al contact metallization
listed in Table 7-18 after annealing at 250 °C.
Device 1
Device 2
Device 3
Device 4

V 0 ± (V)

r (nm)

0.01
0.01
0.01
0.01

46
51
38
48

L (µ m) ρ s (Ω-cm) L T (µ m)
0.23
0.25
0.23
0.27

0.16
0.26
0.03
0.22

0.13
0.18
1.09
0.04

2
ρ c (Ω-cm )
-5

1.12 x 10
-5
3.32 x 10
-4
1.78 x 10
-6
1.79 x 10

R c (Ω)
4

3.24 x 10
4
6.52 x 10
5
3.21 x 10
4
1.37 x 10

It can be seen in Table 7-20 that for the annealed devices the ρs and LT values
calculated at zero bias for Devices 1, 2 and 4 were within 4 % and 33 %, respectively, of the
corresponding values listed in Table 7-19 calculated using the ‘fixed I’ method. The Rc and ρc
values based on the two methods were also found to be within 50 % of the corresponding
values listed in Table 7-19. There was somewhat larger discrepancy regarding Device 3, for
which the calculated values of the various parameters in Table 7-19 differed from the
corresponding values in Table 7-20 by one order of magnitude. This might be attributable, as
discussed previously, to the variation in the calculated total resistance values based on the
three (V, I) pairs (one on each of the three I-V curves corresponding to the three electrodepairs) selected for analysis. Again, this effect was enhanced as the electrode-pair separation
decreased so that it was most pronounced for the NE electrode-pair.
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7.1.3.2.1.4 Trends in electrical characteristics and contact parameters
The extraction of key contact parameters pertaining to the Co/Al multicontacts to ptype Si nanowires has been discussed at length in the preceding sections. This section
discusses the trends in the values of these contact parameters in the as-deposited and
annealed conditions of the Co/Al multicontacts based on the application of NTLM at zero
bias and summarizes the effect of annealing on these contact parameters.
Table 7-21 presents the values for total resistance across an electrode-pair and
corresponding values for the length of the contained nanowire segment for the WS, SN and
NE electrode-pairs for Devices 1-4. As mentioned previously, the determination of the
electrode-separation for each electrode-pair, the actual length of the nanowire contained
between each electrode-pair and the nanowire radius for each device was made possible by
FESEM. For each electrode-pair, the total resistance was determined from the slope of the
two-point probe I-V characteristic of the respective nanowire segment at zero bias. For
three of the four devices in this case, viz., Devices 2, 3 and 4, the designed electrodeseparations for the WS, SN and NE electrode-pairs were identical, viz., 2, 1.5 and 1 µm,
respectively. For Device 1, the corresponding values were 3, 2 and 1 µm, respectively.
Moreover, for Devices 2-4, the nanowires were aligned nearly perpendicular with respect to
the patterned multicontacts. Therefore, a direct comparison could be made between Devices
2, 3 and 4 on the basis of the total resistance (RWS, RSN or RNE) measured across each
nanowire segment (ws, sn or ne, respectively, of length ℓWS, ℓSN or ℓNE, respectively) using its
corresponding electrode-pair (WS, SN or NE, respectively). The average lengths of the ws, sn
and ne nanowire segments for Devices 2-4 were found to be 1.96 (±4 %), 1.45 (±3 %) and
0.96 (±2 %) µm, respectively. The average values closely matched the design lengths. The
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low spread (≤4 %) was due to the observed good edge acuity of the multicontact electrodes
and nearly perpendicular alignment of the nanowires with respect to the patterned
multicontacts. For each of these devices (Devices 2-4), it can be seen from Table 7-21 that
the total resistance across an electrode-pair increased with the length of the contained
nanowire segment, as expected, in both the as-deposited and annealed conditions of the
Co/Al multicontacts. Accordingly, the total resistance values, RWS, RSN and RNE in the asdeposited condition were found to be 1.73 (±37 %), 1.66 (±66 %) and 1.26 (±63 %) MΩ,
respectively. Furthermore, when compared across the same devices, the total resistance for
any given electrode-pair, WS, SN or NE, was found to decrease with increasing nanowire
radius, the latter averaging at 46 (±15 %) nm, such that the spread in the nanowire radius
could alone be responsible for at most 30 % of the spread in the total resistance value for
that electrode-pair. After annealing, the RWS, RSN and RNE values for these devices were
found to decrease to 0.70 (±7 %), 0.66 (±26 %) and 0.46 (±35 %) MΩ, respectively. As
discussed previously, a significant fraction of the decrease in the total resistance was
presumably due to the decrease in the contact resistance after annealing. For Devices 2, 3
and 4, the specific contact resistance was found to decrease by 79, 70 and 67 %, respectively.
A change in the nanowire radius or length of any of the nanowire segments was expected to
be insignificant under the current annealing conditions. The nanowire resistivity was also
largely the same, as discussed later in this section. Therefore, the total resistance was less
likely to be influenced by these factors. Note that for all electrode-pairs, the spread in the
total resistance values decreased uniformly after annealing, presumably due to a
homogenization of the Al/Co/Si interface, and for the SN and NE electrode-pairs, the
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spread in total resistance after annealing could almost entirely be attributed to the spread in
the nanowire radius.
Table 7-21: Electrode-separations and corresponding resistances of the ws, sn and ne
nanowire segments for Devices 1-4 calculated from the slope of their I-V characteristics at
zero bias
As deposited
Device 1
Device 2
Device 3
Device 4
Annealed
Device 1
Device 2
Device 3
Device 4

ℓWS (cm)

ℓSN (cm)

ℓNE (cm)

RWS (Ω)

RSN (Ω)

RNE (Ω)

r (nm)

2.78E-04
2.00E-04
1.88E-04
2.02E-04

1.85E-04
1.49E-04
1.40E-04
1.47E-04

8.79E-05
9.75E-05
9.32E-05
9.62E-05

9.09E+05
1.23E+06
2.45E+06
1.51E+06

7.38E+05
9.82E+05
2.93E+06
1.08E+06

5.35E+05
8.44E+05
2.18E+06
7.65E+05

46
51
38
48

ℓWS (cm)

ℓSN (cm)

ℓNE (cm)

RWS (Ω)

RSN (Ω)

RNE (Ω)

r (nm)

2.78E-04
2.00E-04
1.88E-04
2.02E-04

1.85E-04
1.49E-04
1.40E-04
1.47E-04

8.79E-05
9.75E-05
9.32E-05
9.62E-05

7.42E+05
7.55E+05
7.02E+05
6.55E+05

5.11E+05
6.34E+05
8.39E+05
5.04E+05

2.80E+05
4.28E+05
6.42E+05
3.22E+05

46
51
38
48

Table 7-22 summarizes the relevant contact parameters from Tables 7-15, 7-18, 7-19
and 7-20. As mentioned previously, the specific contact resistance of all devices, Devices 14, was found to have decreased after annealing. On the other hand, the resistivity of the
nanowire itself did not change within the error bars of the measurement. Referring to
Table 7-22, when the NTLM formalism was applied at a zero applied bias for Devices 1-4,
the resistivity of the p-type Si nanowires doped with B using TMB ([TMB:silane]flow-rate = 2 x
10-2) was found to be 0.27 (±0.18) Ω-cm. This value matches closely with a previously
reported resistivity value of 0.25 (±0.12) Ω-cm by Wang et al. from our group [50]. In that
case, the resistivity was extracted using a four-point probe technique for p-type Si nanowires
with similar doping and synthesized under similar conditions. The resistivity extracted using
the NTLM method at a zero applied bias for Devices 1, 2 and 4 in the annealed condition
was found to be 0.21 (±0.05) Ω-cm. The resistivity of Device 3 under similar conditions
extracted in a similar manner yielded a value of 0.03 Ω-cm, which is believed to be an outlier
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and hence not included for calculation of the average resistivity after annealing. The
resistivity based on all devices, Devices 1-4, extracted upon application of the NTLM at a
fixed current of 5 x 10-7 A, was also calculated using Table 7-22 for the purpose of
comparison and was found to be 0.20 (±0.05) Ω-cm. Thus, although it might seem that the
nanowire resistivity had decreased slightly after annealing, this could not be immediately
confirmed due to the spread in the data; rather, if most of the observed variation could be
attributed to be within experimental error, it might also be possible to conclude that the
effect of annealing on the nanowire resistivity was negligible.
Table 7-22: Summary of contact parameters extracted using the nanowire transmission line
model via the ‘fixed I’ and ‘zero V’ approaches for all four p-type Si nanowire devices,
Devices 1-4, with Co/Al metallization in the as-deposited and annealed conditions.
Device #

r

L

(nm) (µm)

Device 1

46

Device 2

51

Device 3

38

Device 4

48

Condition

As-deposited
250°C anneal
As-deposited
0.25
250°C anneal
As-deposited
0.23
250°C anneal
As-deposited
0.27
250°C anneal
0.23

ρ s (Ω-cm)

L T (µ m)

-7
-7
I =5x10 A V =0V I =5x10 A V =0V
0.13
0.13
0.47
0.44
0.16
0.16
0.14
0.13
0.31
0.31
0.37
0.36
0.27
0.26
0.18
0.18
0.55
0.13
0.10
0.93
0.12
0.03
0.33
1.09
0.47
0.50
0.11
0.05
0.22
0.22
0.06
0.04

ρ c (Ω-cm2)

R c (Ω)

-7
-7
I =5x10 A
V =0V
I =5x10 A
V =0V
-4
-4
5
5
1.12 x 10
1.91 x 10
1.83 x 10
1.18 x 10
-5
-5
4
4
1.12 x 10
3.62 x 10
3.24 x 10
1.37 x 10
-4
-4
5
5
1.58 x 10
2.33 x 10
2.29 x 10
1.61 x 10
-5
-5
4
4
3.32 x 10
6.31 x 10
6.52 x 10
3.16 x 10
-5
-4
5
6
5.88 x 10
1.27 x 10
1.07 x 10
3.12 x 10
-5
-4
5
5
1.78 x 10
1.41 X 10
3.21 x 10
6.84 X 10
-5
-6
4
4
5.47 x 10
7.01 x 10
3.60 x 10
2.16 x 10
-6
-6
4
4
1.79 x 10
1.92 x 10
1.37 x 10
3.59 x 10

7.1.3.2.2 Materials characterization
Optical microscopy was used to examine the emerging test structure after each step
of the process-flow during the fabrication of the Co/Al multicontacts. Afterwards, the
structural integrity of the nanowires and the Co/Al multicontacts were observed using
FESEM. Figure 7.20 shows the FESEM images of Devices 1 and 2 and that of Device 3 is
shown in Figure 7.21. The FESEM image of Device 4 (Figure 7.17) appears previously in
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Section 7.1.3.1. As seen in the figures, for all devices, the nanowires were continuous along
their length between the extreme multicontact electrodes viz., the W and S electrodes, and all
the electrodes were intact and had good edge definition. Under higher magnification, the
nanowires and multicontact electrodes were found to be devoid of visible morphological
imperfections and particulate impurities. Furthermore, FESEM allowed the determination of
the nanowire diameter, length of nanowire segment between the electrodes and the width of
the electrodes, which were all critical parameters for the extraction of the semiconductor
resistivity and specific contact resistance values of the nanowire devices as discussed
previously in Section 7.1.3.2.1.
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Figure 7.20: FESEM image of (a) Devices 1 and (b) Device 2 with Co/Al multicontacts.
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Figure 7.21: FESEM image of Device 3 with Co/Al multicontacts.
Apart from the morphologically good devices, there were some regions on the wafer
where the lift-off of the Co/Al electrodes was poor resulting in unacceptable edge-acuity of
the electrodes, especially at their junction with the nanowires. Consequently, even if higher
currents were frequently recorded on two-point probing for all of the WS, SN and NE
electrode-pairs, those devices could still not be utilized for extraction of the specific contact
resistance or other relevant parameters. Even with an excellent edge-acuity for some of the
Co/Al multicontacts, FESEM revealed many of the other types of defects within these
multicontacts discussed previously regarding the Al multicontacts in Section 7.1.1.2.3.
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Among those, discontinuities in the electrodes and nanowire segments seemed to comprise
the predominant type. To address these issues, alternative processing routes may need to be
developed to fabricate the Co/Al multicontacts.

7.1.3.3 Phase formation in the Al-Co-Si system

7.1.3.3.1 Phase stability and kinetic considerations
The Co-Al, Co-Si and Al-Si binary systems have been studied quite extensively. The
Al-Co and Co-Si binary phase diagrams are shown in Figures 7.22 and 7.23, respectively.

Figure 7.22: Co-Al binary phase diagram [83].
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Figure 7.23: Co-Si binary phase diagram [69].
Though several studies have been reported on Co-Al alloy cluster formation at low
temperatures using mechanical alloying [84] or from metal vapors using a plasma-gasaggregation technique [85,86], studies on Co-Al diffusion couples show that the room
temperature solid solubility of Co and Al in each other is low. [87]. However, as seen in the
Co-Al binary phase diagram in Figure 7.22, they are known to form a number of phases at
higher temperatures, among which Co2Al9 is known to be the most Al rich phase. This phase
is of interest to us for the case of the Co/Al contacts to the Si nanowires due to the much
larger thickness of the Al layer (140 nm) compared to the Co layer (20 nm).

208
Co-Si bulk diffusion couples have been investigated extensively as mentioned
previously [71]. Co is known to form several cobalt silicides with Si, viz., Co2Si, CoSi and
CoSi2. In the case of bulk Co-Si diffusion couples, these silicides are known to form at
progressively higher temperatures, with Co2Si formation beginning at about 350 °C, CoSi at
about 400 °C, and CoSi2 at about 550 °C [68,88]. The growth kinetics of Co2Si has been
reported to follow a parabolic law with an activation energy of around 1.5 eV. It has been
reported too that Co2Si does not start forming until around 350 °C. The reason is unknown
but the silicide formation in Co2Si has been checked independently in three different labs
(Caltech, IBM, and Phillips). However, it has also been proposed that alternative surface
preparation techniques might lead to a lower formation temperature. Although the
formation temperature for CoSi is higher than that for Co2Si, which generally occurs above
350 °C, it has been reported possible to have Co2Si formed as a layer between Co and the
CoSi. Lau et al. [88] found that the amount of Si dissolved in the Co layer (≈1 at. %) is much
smaller than the known equilibrium solubility for 200 nm Co thin films on Si substrates
annealed at 300 °C for 100 h in He. Additionally, they found the accumulation of Si on the
sample surface. According to the authors, the fact that Si atoms can free themselves from a
covalently bonded lattice (formation energy of vacancy between 2.4 and 3.5 eV [89]) and
diffuse through the Co layer at a relatively low temperature of ~300 °C is a very interesting
phenomenon. From thermal energy alone, it seems rather difficult to remove Si from its
lattice at such low temperatures since a large fraction of the energy of forming a vacancy is
needed to remove a Si atom from a low-index smooth Si surface. For Si atoms to do that, it
seems likely that Co atoms move first interstitially into the Si lattice near the Co/Si interface,
thus allowing bond modification and freeing Si atoms from the interface, as postulated by
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Tu [89]. Since some oxygen partial pressure is always present in the annealing ambient, there
is a driving force for the Si atoms to diffuse through the grain boundaries of the Co layer
and accumulate on the sample surface. Detailed studies on the diffusion of various species in
the Co/Si thin-film system have been reported by van Gurp et al. [90]. The subsurface
diffusion of Co in Si from infinitesimally small Co diffusion sources has also been subject to
a detailed investigation by Appelbaum et al. [91]. Apart from Co/Si diffusion couples, cobalt
silicide contacts to Si substrates have also been investigated as by van Gurp et al. [92,93]. The
solid solubility and diffusion of boron in CoSi2 has been reported by Zaring et al. [94].
The Al-Si binary phase diagram was shown previously in Figure 7.12 and has been
reproduced in Figure 7.24 for the convenience of the reader. Al and Si are not very miscible
at low temperatures and solid solubility of Al in Si is low. However, for an Al-Si bulk
diffusion couple, significant dissolution of Si into Al by grain boundary diffusion has been
reported at temperatures higher than 300 °C [65,87]. This causes Al to spike into the Si
region. If the contact area is small then the spiking process of Al into Si will be especially
severe, since a large volume of Al exists to act as a sink for the diffusing Si. On cooling, the
equilibrium of Si in Al falls sharply and so Si will precipitate onto the wafer, insulating oxide
surfaces and the grain boundaries in the Al film. The small re-precipitated epitaxial Si islands
have been reported to delineate the shape of the grain boundaries in the Al layer, even after
Al has been removed by chemical dissolution. This re-precipitated Si will be saturated with
Al at a level given by the equilibrium solubility of Al in Si at the temperature of precipitation
and will be very heavily p-doped. This will increase the effective barrier height of an Al/ntype Si contact. Aluminum ohmic contacts to p-type Si do not suffer from epitaxial regrowth
effects, but spiking can still short out shallow junctions. The shorting across shallow
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junctions by spikes is, of course, even more damaging to device performance than small
changes in the contact barrier height [87].

Figure 7.24: Al-Si binary phase diagram [78]
The existence of ternary phases in the Al-Co-Si system has been investigated. Pratt et
al. have carried out experiments to isolate ternary compounds likely to occur in the system
[95]. No ternary compounds could be successfully identified in the Al-Co-Si, but Co2Al9 was
found to dissolve appreciable amounts of Si. van Gurp et al. have studied the effect of
annealing Al/CoSi2 (250/100 nm) contacts to Si substrates at low temperatures but the
absence of ternary phases in the Al-Co-Si ternary system was mentioned inconclusively for
annealing temperatures up to 420 °C [87]. In a more recent work by Richter et al. on phase
equilibria in the Al-Co-Si ternary system [96], a total number of seven ternary compounds
were identified and characterized in samples that were annealed at 600, 800 and 900 °C for 4

211
weeks each in order for them to equilibrate. They also reported on the homogeneity ranges
of the various ternary solid solutions of binary Co-Al and Co-Si compounds. A section of
the ternary phase diagram for the sample annealed at 600 °C is shown in Figure 7.25. It
should be noted that while ternary phase diagrams are isothermal maps, they sometimes do
not vary significantly over a large temperature range when phase transformations in the
corresponding binary systems are absent; therefore, the ternary phase diagram shown in
Figure 7.25 might be relevant in the context of the present investigation on Co/Al contacts
to the Si nanowires where the devices have been annealed at temperatures up to 250 °C.

Figure 7.25: Phase equilibria in the Co-poor composition area of the Al-Co-Si system at 600
°C. Black circle represent phase compositions measured by EPMA, and dotted tie-lines and
tie triangles are extrapolated [96].
van Gurp’s work on Al/CoSi2 contacts to Si substrates [87,97] is relevant to the
present work on Co/Al contact to p-type Si nanowires and will be briefly discussed here. As
mentioned previously, van Gurp and coworkers have fabricated a contact stack consisting of
250 nm Al on top of 100 nm CoSi2. The CoSi2 layer was formed by depositing Co on <100>
Si substrates and annealing at 550 °C for 2 hours in H2/N2 ambient. The Al layer was
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replaced by an Al-1% Si layer for some samples. According to the authors, since the grain
size and composition of the silicide layers is hardly dependent on the orientation of the
substrate, it could be expected that the results would not be different on differently oriented
substrates. The samples were first heated to 250 °C and slowly cooled to room temperature.
The total cycle time was 16 hours. Auger electron spectroscopy (AES) showed small Si peaks
throughout the Al film amounting to about 0.7 at.% Si. This amount of Si was quite
surprising, as the solubility at 250 °C is only about 0.02 at. %. Therefore, the Si was
presumably located at the Al grain boundaries. A sample that had not undergone a thermal
treatment did not show these Si peaks; otherwise, the AES profiles were identical.
Background noise level of the measurements corresponded to about 0.4 at.% Co. Some of
the samples were then annealed at 400 °C for 30 min. AES showed that the Al/CoSi2
boundary had become considerably wider. Al had penetrated the silicide layer and Co had
penetrated the Al layer. The Al film contained Si and Co. The surface concentrations were
about 1.0 and 0.8 at. %, respectively, and they increased with depth below the surface. These
numbers were much larger than the solubilities at 400 °C (0.25 at.% Si and negligible Co
solubility). Rutherford backscattering spectrometry (RBS) confirmed the results from AES.
X-Ray diffraction (XRD) was further done to characterize the samples. Diffraction lines
appeared and grew for Co2Al9 as well as for polycrystalline Si. Line intensities for Al and
CoSi2 decreased. After longer annealing, the Co2Al9 line intensities became constant,
indicating that the reaction was complete. CoSi2 had disappeared and some Al still remained.
The reaction was written as Eq. 7.6.
2CoSi2 + 9Al → Co2Al9 + 4Si

(7.6)
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When Al-1% Si was used instead of Al, no significant change of reaction temperatures or
times was found. Afterwards, some of the sample were annealed at 420 °C for 30 min. RBS
showed an even larger effect than annealing at 400 C for 30 min. Co had moved to the
surface (3.4 at.%) of the sample and so had Si. Al diffusion towards the substrate was
detected. Apparently the sample no longer consisted of two well-separated layers after
annealing. The XRD results from these samples were essentially the same as those that were
annealed at 400 °C for the same time. XRD was employed to further study the kinetics of
the reactions for the Al/CoSi2 contact at 420 °C. It was found that the Co2Al9 line intensities
increased linearly with time after an initial ‘incubation time,’ which was negligible for high
temperatures. The kinetics of phase formation was given by ΣI = k1(t-t0), where k1 is the
reaction rate constant for the reaction shown in Eq. 7.6 and t0 is the incubation time. k1 was
found to increase and t0 was found to decrease with increase in the annealing temperature.
The activation energy for the growth of the Co2Al9 phase was determined to be 2.3 eV.
Keeping in view the thermodynamic data embodied in the various binary phase
diagrams and the ternary phase diagram presented thus far for the Co-Al-Si system, it is
worth mentioning here that even though the phase stability can be determined by the phase
diagrams, phase formation can only initiate and/or proceed when the kinetics of the reaction
pertaining to the phase formation allow the reaction to occur during the timeframe of the
experiment. The bulk diffusion coefficients, D, for the diffusion of various components of
the Al-Co-Si system within each other can be calculated at any particular annealing
temperature using Eq. 7.7 if the pre-exponential factor, D0, and the activation energy, Ea, are
known.

D = D0 e

−

Ea
kT

(7.7)
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The available D0 and Ea values for some relevant components in the Al-Co-Si system are
summarized in Table 7-23. Note that the diffusivities in some phases have not been
measured directly but calculated from thickness vs. time1/2 data from the growth of the
phases.
Table 7-23: Pre-exponential factors (D0) and activation energies (Ea) for various components
in the Al-Co-Si system [65,68,71,87,88,96,98,99]
2

Si in Al
Si in Co
Co in Si
Co in Al
Co in SiO2
Al in Si
~
D for Co2Si
Si in CoSi
~
D for CoSi
Si in CoSi2
Co in CoSi2
~

D for CoSi2
Al in CoSi2

D0 (cm /s)

Ea (eV)

2.50E-03
1.00E-01
9.20E+04
1.10E-06
1.00E+07
5.00E-01
9.55E-05
3.20E-02
2.51E-02
2.80E-04
9.80E-01

0.79
2.35
2.80
0.86
1.70
3.00
1.54
2.13
2.09
1.93
2.93

1.21E-02
8.50E-03

2.48
1.55

Once the diffusion coefficients (D) are known, the bulk diffusion length of any component
for diffusion into another component (or phase) can be estimated for any given time for the
particular annealing temperature using L = √(Dt). Although the relation applies strictly for
very limited conditions, it does give an order of magnitude length scale for diffusion. The
bulk diffusion lengths for the relevant components for annealing at various temperatures
from 200 °C to 550 °C are summarized in Table 7-24.
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Table 7-24: Bulk diffusion lengths (L) for various components and thicknesses (t) for various
phases in the Al-Co-Si system upon annealing between 200 °C and 550 °C for 15 min
T
°C

T
°C

DSi in Al
2
(cm /s)

LSi in Al
(nm)

DSi in Co
2
(cm /s)

LSi in Co
(nm)

DCo in Si
2
(cm /s)

LCo in Si
(nm)

DCo in Al
2
(cm /s)

LCo in Al
(nm)

DAl in Si
2
(cm /s)

LAl in Si
(nm)

DCo in SiO2 LCo in SiO2
2
(cm /s)
(nm)

120 1.85E-13 1.29E+02 6.48E-32 7.64E-08 1.14E-31 1.01E-07 9.42E-18 9.21E-01 1.68E-39

1.23E-11 1.58E-15 1.19E+01

200 9.55E-12 9.27E+02 8.27E-27 2.73E-05 1.35E-25 1.10E-04 7.01E-16 7.94E+00 5.41E-33

2.21E-08 7.69E-12 8.32E+02

250 6.10E-11 2.34E+03 2.07E-24 4.31E-04 9.58E-23 2.94E-03 5.31E-15 2.19E+01 6.15E-30

7.44E-07 4.15E-10 6.11E+03

300 2.81E-10 5.03E+03 1.97E-22 4.21E-03 2.17E-20 4.42E-02 2.82E-14 5.04E+01 2.05E-27

1.36E-05 1.11E-08 3.17E+04

350 1.02E-09 9.56E+03 9.05E-21 2.85E-02 2.05E-18 4.30E-01 1.15E-13 1.02E+02 2.69E-25

1.56E-04 1.77E-07 1.26E+05

400 3.03E-09 1.65E+04 2.35E-19 1.45E-01 9.89E-17 2.98E+00 3.79E-13 1.85E+02 1.71E-23

1.24E-03 1.86E-06 4.09E+05

450 7.78E-09 2.65E+04 3.89E-18 5.92E-01 2.79E-15 1.58E+01 1.06E-12 3.09E+02 6.11E-22

7.42E-03 1.41E-05 1.13E+06

500 1.77E-08 3.99E+04 4.49E-17 2.01E+00 5.10E-14 6.78E+01 2.60E-12 4.84E+02 1.38E-20

3.52E-02 8.24E-05 2.72E+06

550 3.63E-08 5.72E+04 3.84E-16 5.88E+00 6.56E-13 2.43E+02 5.71E-12 7.17E+02 2.12E-19

1.38E-01 3.88E-04 5.91E+06

D~Co2Si
2
(cm /s)

tCo2Si
(nm)

DSi in CoSi
2
(cm /s)

LSi in CoSi
(nm)

D~CoSi
2
(cm /s)

tCoSi
(nm)

DSi in CoSi2 LSi in CoSi2 DCo in CoSi2 LCo in CoSi2
2
2
(cm /s)
(cm /s)
(nm)
(nm)

120 1.70E-24 3.91E-04 1.55E-29 1.18E-06 3.95E-29 1.89E-06 4.97E-29 2.11E-06 2.61E-38

D~CoSi2
2
(cm /s)

tCoSi2
(nm)

DAl in CoSi2 LAl in CoSi2
2
(cm /s)
(nm)

4.84E-11 1.90E-34 4.13E-09 2.06E-31 1.36E-07

200 3.72E-21 1.83E-02 6.45E-25 2.41E-04 1.35E-24 3.48E-04 7.63E-25 2.62E-04 5.90E-32

7.29E-08 4.55E-29 2.02E-06 2.07E-31 1.37E-07

250 1.38E-19 1.11E-01 9.53E-23 2.93E-03 1.82E-22 4.04E-03 7.05E-23 2.52E-03 5.70E-29

2.26E-06 1.53E-26 3.71E-05 2.12E-31 1.38E-07

300 2.72E-18 4.95E-01 5.89E-21 2.30E-02 1.04E-20 3.06E-02 2.96E-21 1.63E-02 1.66E-26

3.86E-05 1.86E-24 4.09E-04 2.32E-31 1.45E-07

350 3.32E-17 1.73E+00 1.88E-19 1.30E-01 3.10E-19 1.67E-01 6.82E-20 7.83E-02 1.94E-24

4.18E-04 1.05E-22 3.07E-03 3.12E-31 1.68E-07

400 2.80E-16 5.02E+00 3.58E-18 5.68E-01 5.60E-18 7.10E-01 9.86E-19 2.98E-01 1.12E-22

3.17E-03 3.24E-21 1.71E-02 6.77E-31 2.47E-07

450 1.76E-15 1.26E+01 4.54E-17 2.02E+00 6.77E-17 2.47E+00 9.85E-18 9.41E-01 3.69E-21

1.82E-02 6.24E-20 7.49E-02 3.75E-30 5.81E-07

500 8.69E-15 2.80E+01 4.14E-16 6.11E+00 5.93E-16 7.30E+00 7.30E-17 2.56E+00 7.72E-20

8.34E-02 8.19E-19 2.71E-01 9.41E-29 2.91E-06

550 3.54E-14 5.65E+01 2.89E-15 1.61E+01 3.99E-15 1.89E+01 4.25E-16 6.18E+00 1.12E-18

3.17E-01 7.86E-18 8.41E-01 1.65E-26 3.85E-05

It is obvious that Co is a fast diffuser in bulk Si and also a fast diffuser in bulk SiO2. Though
Si diffusion in bulk Co is slow, Si has been found to diffuse much faster in Co via grain
boundary diffusion [88]. Si diffuses rapidly into Al via grain boundary diffusion [87], but Al
diffusion in bulk Si can be seen to be slow. Once phase formation initiates, the growth of the
phases and the diffusivities of the various components through these phases become
important. Depending on the crystallinity of the phases that form, diffusion via short circuit
paths such as grain boundaries or dislocations might play a dominant role. Among the
various silicide phases, Co and Si are known to be the predominant diffusers in the Co2Si
and CoSi phases, respectively [90]. The diffusivity of Al in these two silicide phases have not
been reported in the literature, although the diffusivity of Al in CoSi2 is available and is
shown in Table 7-24 for the various annealing temperatures. For reference, the solid
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solubility of Al in the cobalt silicide phases and that of Si in the Co2Al9 phase are shown in
Table 7-25.
Table 7-25: Solid solubilities of Al and Si in cobalt silicides and cobalt aluminide, respectively
[96]
Al in CoSi2
Al in CoSi
Al in Co2Si
Si in Co2Al9

T (°C) Solid solubility (at.%)
600
9.3
900
11.5
900
2.7
600
6.6

7.1.3.3.2 Phase formation in Co/Al contacts to p-type Si nanowires
A cross-sectional schematic of the Co/Al contacts to the Si nanowires is shown in
Figure 7.26. The Al/Co (140/20 nm) layer is shown to completely cover the 80-nm diameter
Si nanowire, which was required to ensure continuity of the multicontact electrodes
extending to the larger metal-pads used for electrical probing. The contacts were annealed at
120, 200 and 250 °C for 15 min in an N2 ambient. The likely mechanism of phase formation
in the Co/Al contacts is discussed in this section.
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Figure 7.26: Schematic of an Al/Co contact stack to a p-type Si nanowire.
For a Co/Si bulk diffusion couple, Co is known to diffuse faster in Si than Si does in
Co. Accordingly, it is believed that for the structure shown in Figure 7.26, Co diffused into
Si at the Co/Si nanowire interface. At temperatures less than 250 °C, Co has a very low solid
solubility in Si. The diffused Co then possibly caused Si-Si bond modification thereby
releasing Si atoms. Similar observations have been reported previously [88]. Moreover, the
diffusion of Co into Si at the interface by grain boundary diffusion, owing to the presence of
a polycrystalline region, can not be completely ruled out. In either case, it is believed that
some Co2Si formation could occur at the Co/Si interface at the annealing temperature of 250
°C. Although such phase formation at a temperature less than 350 °C is less likely to happen
in a planar bulk sample, as mentioned in the previous section, it can not be completely ruled
out for the case of the Co/Si nanowire interface. This is because an altered surface condition
resulting from the curved or faceted surface of the Si nanowire might lead to a lowering of
the activation energy for such phase formation. Si then diffused into Co, which is
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polycrystalline, very likely via grain boundary diffusion and further to the Co/Al interface.
Similar observations have again been reported previously [88]. For a bulk Co/Si diffusion
couple, Si is known to have a very low solid solubility in Co at temperatures lower than 250
°C. It is then expected that Si further diffused into Al, which is polycrystalline, again via
grain boundary diffusion. Similar observations have been reported in [87], where Si from the
dissociation of CoSi2 in an Al/CoSi2 contact to Si was found to diffuse into an adjacent
polycrystalline Al layer by grain boundary diffusion up to as high as 0.7 at.% at 250 °C. Si
has a very low solubility in Al below 300 °C. At 250 °C, its solid solubility in Al is only about
0.02 at.%. It is likely that Co and Al subsequently diffused into each other by grain boundary
diffusion. In bulk diffusion couples, Co2Al9 phase formation is known to occur only above
400 °C and is reaction rate-controlled. However, it is possible that there might have been
some Co2Al9 formation even after annealing the Co/Al contacts to the Si nanowires at 250
°C given that some Co2Si might have already formed in a prior step. Aluminum and Co2Si do
not have a tie-line in the Al-Co-Si ternary phase diagram, which means they cannot exist
together in equilibrium. Moreover, from the same ternary phase diagram, it can be seen that
Co2Al9 and Si do have a tie-line, which implies that the two phases can coexist without
reacting with each other. Therefore, it is possible that even at 250 °C, formation of some
Co2Al9 occurred at the expense of the Co2Si that was formed in the previous step according
to Eq. 7.8.
Co2Si + 9Al → Co2Al9 + Si

(7.8)

It is also possible that the Si that was freed up diffused into the grain boundaries of the Al
layer, which being much thicker (140 nm) compared to the diameter of the Si nanowire (80
nm), acted as a huge sink for the Si atoms. It is then possible that the Al that diffused into
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the grain boundaries of the Co layer diffused further into Si. Although Al has a very low
solid solubility in Si below 250 °C, it is possible that the Al atoms partly replaced the Si
atoms that diffused out of the Si nanowire, thereby doping the Si region adjacent to the
Co2Si layer more heavily p-type than it was before. Depending on the crystallinity of the Si
nanowire underneath the Co2Si layer, some Al might also have diffused into Si via grain
boundary diffusion.

7.1.3.4 Ohmic contact formation for Co/Al contacts to p-type Si nanowires
Ohmic contact formation may occur between a semiconductor and the contact
metallization if the Schottky barrier height (SBH) to the majority carrier transport across the
contact is sufficiently low at a given temperature for carriers to cross over the barrier.
Accordingly, linear I-V characteristics may be observed at appropriately low values of
applied bias, and the current transport is said to occur by thermionic emission. Cobalt is
known to have a modest SBH to p-type Si substrates. The SBH of some metals on p-type Si
in their as-deposited condition is shown in Table 7-26.
Table 7-26: Schottky barrier heights of as-deposited metals on p-type Si [59]

p-type
n-type

Ag
0.5
0.8

Al
0.58
0.72

Au
0.34
0.8

Barrier heights (eV)
Co
Ni
0.42
0.51
0.69
0.61

Pd
0.81

Ti
0.61
0.5

The silicides of Co are also known to have a low SBH to p-type Si as shown in Table 7-27
with slightly lower values compared to the SBH of the unreacted metal. This is desirable
since even if silicide formation occurred during annealing, it would not result in an increase
in contact resistance at the Co/Si interface.

220
Table 7-27: Schottky barrier height of Co on Si in as-deposited condition and after annealing
at various temperatures [93]
Annealing
condition
As deposited
30 min @ 400 °C
30 min @ 415 °C
30 min @ 450 °C
60 min @ 550 °C

Barrier heights (eV)
p-type
n-type
<100>
<111>
<100>
0.42
0.46
0.69
0.39
0.41
0.69
0.39
0.4
0.68
0.38
0.39
0.68
0.405
0.405
0.64

In Table 7-27 showing data reported in the literature, the as-deposited metal has the same
SBH (0.42 eV) on <100> p-type Si as shown in Table 7-26. Upon annealing at progressively
higher temperatures for 30 min, the SBH was found to first decrease to 0.39 eV at 400 °C,
very likely due to the formation of the Co2Si phase, and then to 0.38 eV at 450 °C, again
likely due to the formation of the CoSi phase. However, when the annealing temperature
was increased to 550 °C for 60 min, the SBH increased to 0.405 eV for the <100> p-type Si
substrate. This was attributed to the formation of the CoSi2 phase. A similar trend was
observed for Co contacts to <111> Si substrates. The accepted values of resistivities for the
Co2Si, CoSi and CoSi2 phases are 70, 100-140 and 14-17 Ω-cm, respectively [68].
Other than due to a low SBH, ohmic contact formation may also occur due to
majority carrier transport by tunneling through the barrier like when current transport occurs
by field emission or thermionic-field emission if the semiconductor directly underneath the
contact metallization is heavily doped. Accordingly, linear I-V characteristics may be
observed at appropriately low values of applied bias. The parameter E00 given by Eq. 7.9 has
dimensions of energy and is very useful in determining the range of doping and temperature
for which field emission, thermionic-filed emission, or thermionic emission is valid [59].
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E00 =

hq
4π

ND
m *εs

(7.9)

For Co/Al contacts to p-type Si nanowires with a B doping concentration estimated to be
1019 cm-3 by SIMS, the value of E00 was estimated to be 0.0182 eV at room temperature (300
K). Here, the effective mass of carriers in the Si is taken to be that of holes (m* ≈ mh*), and
mh* is given by mh* = [(mlh*)3/2+(mhh*)3/2]2/3, mlh* and mhh* being the effective mass of light and
heavy holes in Si, respectively. Thus E00 is comparable to the thermal voltage (kT) at room
temperature, which is approximately 0.0259 eV. Therefore, thermionic-field emission is
predicted to be responsible for the ohmic behavior of the Co/Al contacts in their asdeposited condition, assuming that the behavior of planar contacts may be used as a guide
for predicting the behavior of contacts to large-diameter Si nanowires. Even if the SIMS
value is considered to be an overestimate of the B doping concentration by one order of
magnitude, and the actual B concentration were only 1018 cm-3, E00 would still be comparable
to kT, implying that thermionic-field emission should still be the dominant current transport
mechanism. For some of the devices with Co/Al contacts, the I-V characteristics became
non-linear as the resistance decreased at higher values of applied bias. For such devices too,
current transport is predicted to have occurred by thermionic-field emission due to the high
doping concentration of the Si nanowires. Thus, an increased bias presumably increased the
fraction of carriers having sufficient energy to tunnel through the barrier, thereby increasing
the current through devices.
With respect to annealing the Co/Al contacts, it is worthwhile to reiterate that while
the activation energies for grain boundary diffusion and surface diffusion are much lower
than for bulk diffusion, the faceted surface of the Si nanowire is expected to lower the values
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for surface diffusion even further. Keeping this in mind, the likely mechanism for ohmic
contact formation follows. Upon heating to 250 °C, Co likely diffused into Si by bond
modification as discussed in the previous section and freed some Si atoms for diffusion into
Co by grain boundary. If any Co2Si were formed due to a lowering of the activation energy
due to the faceted surface of the Si nanowire, the reaction would be expected to locally
increase the B concentration to higher than that in the bulk of the nanowire immediately
adjacent to such regions by the ‘snowplowing’ effect [68]. Similarly, Si freed up from the
formation of the Co2Al9 phase could further diffuse into Al by grain boundary diffusion.
Since the 140-nm Al layer was much thicker compared to the 20-nm thick Co layer, it acted
as an effective sink for the Si atoms. Al too likely diffused via grain boundary diffusion into
Co and/or any Co2Si that formed and then into the underlying Si nanowire to fill the
vacancies left by the displaced Si atoms. Upon cooling to room temperature, the Si nanowire
next to the Co2Si layer was doped more with Al. Al is a p-type dopant in Si and is expected
to make the Si near the Si/Co interface more heavily doped. Thus, it is proposed that a
narrowing of the barrier at the Co2Si/Si nanowire interface upon annealing occurred due to a
combination of two mechanisms: firstly, the formation of a thin Co2Si layer between the Co
and the Si nanowire resulting in a decrease in the SBH and an increase in the B
concentration locally within the nanowire, and secondly, the doping of the nanowire
immediately adjacent to the Co2Si layer by Al. Under these conditions, the current transport
is believed to occur predominantly via thermionic-field emission, which resulted in the
formation of an ohmic contact with an even lower contact resistance than that between the
original Co/Si nanowire interface.
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7.1.3.5 Summary
In order to combine the ease in lift-off of the Al multicontacts with the higher
conductance of the Co multicontacts, and to further the understanding of the Co/Al
contacts developed in Chapter 6, Co/Al multicontacts were fabricated to heavily doped ptype Si nanowires. The thickness of Co was limited to 20 nm. Al was used for the remainder
of the thickness of the metallization up to a total thickness of 140 nm. Accordingly, devices
with acceptable edge-acuity of the Co/Al multicontacts were obtained. When two-point
probed using the WS, SN and NE electrode-pairs, some of those devices were found to
produce linear I-V characteristics in the as-deposited condition and also after annealing
between 200-250 °C. With the availability of complementary FESEM imaging data, the
NTLM could be successfully applied to quantify the contact resistance of these devices.
Specific contact resistance values as low as 2.16 x 10-5 Ω-cm2 and 3.59 x 10-6 Ω-cm2 have
been determined for the Co/Al contacts to the heavily doped p-type Si nanowires in their asdeposited and annealed conditions, respectively. A mechanism was finally proposed for the
ohmic contact formation in the two conditions and the observed decrease in specific contact
resistance after annealing. It is believed that an ohmic contact was formed between Co and
Si in the as-deposited condition, and between Co2Si and Si after annealing. The observed
decrease in the specific contact resistance after annealing was proposed to be due to an
interplay of two mechanisms: firstly, the formation of a thin Co2Si layer between the Co and
the Si nanowire resulting in a decrease in the SBH and an increase in B concentration locally
within the nanowire, and secondly, the doping of the nanowire immediately adjacent to the
Co2Si layer by Al. This resulted in an increase in the dopant concentration within the
nanowire underneath the silicide/Si interface thereby narrowing the barrier and facilitating
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an increase in the majority carriers transported via tunneling at the interface. Thermionicfield emission is predicted to be the dominant current transport mechanism both in the asdeposited condition of the Co/Al contacts and after annealing based on the high doping of
the Si nanowire regions directly underneath the contacts.

7.2 Multicontacts to n-type nanowires
Ti/Au contacts to n-type Si nanowires have been discussed previously in Section
6.2.1. However, since the contacts were of the electrode-finger type configuration, they did
not support the use of the NTLM to extract the specific contact resistance values for the
contacts. Hence, the multicontact configuration was used to investigate contacts to the ntype Si nanowires.

7.2.1 Er/Al contacts
Contacts to n-type Si nanowires based on Er/Al metallization were chosen for
investigation first. Er was known to have a low work function of 3.18 eV [100] compared to
Si. Moreover, since it was also known to form low resistance silicides upon annealing, its use
in the design of ohmic contacts to n-type Si substrates had been reported previously [101].
However, even at room temperature, Er was known to react with the ambient oxygen to
form one or more erbium oxides with much higher resistance than the Er itself. This
restricted its use in contact metallization. If a freshly deposited Er layer could be effectively
capped before its surface got oxidized, low resistance ohmic contacts might still be possible
to design. Al was known to form a self-limiting oxide on reaction with the ambient oxygen.
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Additionally, its use in the formation of contacts to n-type Si has also been reported [102].
Accordingly, contacts based on an Er/Al metallization to the n-type nanowires were
fabricated.

7.2.1.1 Fabrication
The fabrication of the Er/Al multicontacts to the n-type Si nanowires was performed
by following the process-flow IV (Appendix Section A.2). More specifically, the initial layers
on the wafer consisted of the bus-bar layer composed of Ti/Pd (20 nm/50 nm), an
approximately 158 nm thick Si3N4 dielectric layer with an average refractive index of 1.88,
and the alignment/probe-pad layer composed of Ti/Au (20 nm/80 nm). The n-type
nanowires used for the present studies were fabricated simultaneously with the nanowires
used for the studies on the Ti/Au contacts (Section 6.2.1). They were assembled on the
wafer using a 5 V AC electric field at 10 kHz. Finally, the multicontacts layer was formed by
e-beam evaporating 20 nm of Er followed by 140 nm of Al. In general, the post-fabrication
structure was typical of the multicontact configurations discussed previously with respect to
the p-type Si nanowires.

7.2.1.2 Results and discussion

7.2.1.2.1 Electrical characteristics
After completion of fabrication, the prospective devices with the Er/Al
multicontacts were identified by mapping the wafer. Subsequently, those devices were two-
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point probed using the six different electrode-pair combinations in a way similar to that
discussed in Section 7.1.1.2.1 regarding the Al multicontacts to p-type Si nanowires. A third
of all the selected devices were then annealed cumulatively between 200-250 °C in a tube
furnace for 15 min. As always, a N2 ambient was maintained using a flow rate of N2
approximately equal to 100 sccm.
Figure 7.27(a) shows I-V characteristics obtained from a typical device in the asdeposited condition using the WS and SN electrode-pairs. Clearly, the currents were
extremely high, even for very low applied bias values, as can be seen from the y-axis markers.
In fact, when the I-V characteristics from those electrode-pairs were plotted in the same
graph along with the ‘as-deposited’ I-V characteristics obtained using the NE and SE
electrode-pairs shown in Figure 7.27(b) and (c), respectively, the former I-V characteristics
appeared almost vertical while the latter appeared almost horizontal even though the current
associated with both the NE and SE electrode-pairs were still in the range of 1-10 nA within
the ±2 V applied bias regime. Figure 7.27(b) and (c) also present the I-V characteristics
associated with the NE and SE electrode-pairs, respectively, after annealing at 200-250 °C.
For the NE electrode-pair, the current abruptly dropped below the 1 pA cut-off limit after
the first anneal at 200 °C and remained below that limit even after annealing at 250 °C. The
same was also observed regarding the WS electrode-pair (though the corresponding I-V
characteristics not shown). These were very likely due to a ‘melting’ of the nanowire segment
as had been observed previously regarding other types of contacts. For the SE electrodepair, too, the current was found to decrease considerably after annealing at 200 °C.
However, the I values were still greater than the 1 pA limit within ±2 V applied bias and I-V
characteristics were quite linear. Similar observations were also made after annealing the
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same device again at 250 °C. Furthermore, the I values were found to consistently decrease
from the ‘as-deposited’ condition to until after the 250 °C anneal through the 200 °C
annealing step. This indicated that there was a steady degradation of some kind either
attributable to (one or both of) the Er/Al electrodes or to the respective nanowire segment
or both. The reactivity of Er with ambient oxygen due to the diffusion of the latter through
the Al layer or at the sidewalls of the electrodes could not be entirely ruled out although
precautions were taken to maximize purging oxygen out of the tube furnace prior to
annealing the devices in an N2 ambient.
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Figure 7.27: I-V characteristics of an n-type Si nanowire device with Er/Al contacts, (a) in
the as-deposited condition when it was two-point probed using the WS and SN electrodepairs, and before and after annealing at 200 °C and 250 °C for 15 min in N2 when it was
two-point probed using (b) NE and (c) SE electrode-pair. Applied bias was within ±2 V.
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In general, the electrical data showed a huge variation in the degree of linearity and
symmetry about the zero applied bias for the recorded I-V characteristics in both the asdeposited condition and after annealing. Additionally, the currents from independent
(considering only one electrode-pair with the contained nanowire-segment) two-point probe
measurements were found to fall in a wide distribution from 1 pA up to the 10-µA current
compliance limit. Table 7-28 lists a summary of all the devices with Er/Al contacts that were
investigated. A clear majority, viz., 75 % of the devices showed currents greater than 1 pA
for two-point probe measurements using all six electrode-pairs in the as-deposited condition.
Of the annealed devices, none showed improved currents through all six or even through
exactly three of those six electrode-pairs. However, about 7 % of such devices showed
increased I values through exactly one electrode-pair.
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Table 7-28: Statistical summary of the performance of Er/Al multicontacts fabricated on ptype Si nanowire devices. Annealing of the devices was performed at the specified
temperatures for 15 min in N2.

On the whole, annealing was found to be ineffective with respect to the Er/Al
multicontacts to the n-type nanowires since only 7 % of the total annealed devices even
showed any improvement after annealing. As mentioned previously, this could have been
due to the degradation of the contacts owing to the oxidation of the Er. Afterwards, some of
the devices that showed superior I-V characteristics with distinctly high currents prior to
annealing and for which currents decreased below the 1 pA cut-off limit after annealing at
200 °C or 250 °C were chosen for closer examination using FESEM.
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7.2.1.2.2 Materials characterization
The matrix-based approach to materials characterization introduced earlier regarding
the Al multicontacts in Section 7.1.1.2.2 was adopted for the present investigation of the
Er/Al multicontacts as well. Figure 7.28 shows the FESEM image of the device with Er/Al
multicontacts whose I-V characteristics were shown previously in Figure 7.27. The FESEM
image was taken after the device was annealed at 250 °C. Indeed, as hypothesized previously,
the discontinuity in the ne nanowire segment at the junction with the E electrode, which
could be due to melting of the nanowire, was confirmed via FESEM. It was more likely that
this might have occurred due to the 200 °C annealing step rather than the 250 °C annealing
step given that the I values were found to have dropped to below the 1 pA limit even before
carrying out the latter annealing step as seen from the I-V characteristics associated with the
NE electrode-pair in Figure 7.27(b). Similarly, the abrupt drop in the current associated with
the WS electrode-pair could also be explained in terms of the ‘melting’ of the ws nanowire
segment at the junction with the W electrode, even resulting in a discontinuity in the W
electrode, as is evident from the FESEM image in Figure 7.28. Not surprisingly, the sn
nanowire segment seemed to have survived both the annealing steps as also corroborated by
the distinctly linear I-V characteristics shown in Figure 7.27(c).
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Figure 7.28: FESEM image of Er/Al electrodes in a multicontact configuration on an n-type
Si nanowire device. The nanowire can be seen to have been ‘melted’ at its contact with the
leftmost (W) and the rightmost (E) electrodes resulting in discontinuities in the nanowire as
well as the electrodes, especially the E electrode.
Another example of the commonly observed types of defects in the Er/Al multicontacts is
shown in Figure 7.29. The N and E electrodes clearly appeared to be discontinuous along
their lengths leading up to the nanowire, making it impractical to two-point probe the
nanowire using either of these electrodes by themselves or in pair-wise combination with the
W or S electrode.
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Figure 7.29: FESEM image of Er/Al electrodes in a multicontact configuration on an n-type
Si nanowire device. The N and E electrodes appear to be discontinuous along their lengths
while the underlying nanowire appears to be continuous along its length.
FESEM also revealed many other types of defects including morphological and
structural imperfections of the nanowires and the occasional presence of multiple nanowire
segments between electrode-pairs as discussed previously in Section 7.1.1.2.3 with respect to
the Al multicontacts. In general, it grew to be a well established fact that the different types
of defects found in nanowire-based devices were not limited to any particular type of
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contacts or doping of the nanowires; rather, their occurrence was arbitrary and might likely
be due to randomness in process variables associated with the current technology used for
processing and electrical characterization of the multicontact structures.

7.2.1.3 Summary
Er was known to form low resistance erbium silicides upon annealing under suitable
conditions. Accordingly, Er/Al multicontacts were fabricated to n-type Si nanowires with the
objective of forming ohmic contacts, in which Al was used as a capping layer to prevent
oxidation of Er upon reaction with the ambient oxygen. Several of the devices thus
fabricated were found to be quite conductive producing currents in the 10-9-10-6 A range
when two-point probed using one or more electrode-pairs. Afterwards, some of the devices
were annealed cumulatively between 200-250 °C to lower the contact resistance, but
annealing was found, instead, to lower the currents through those devices. Oxidation of Er
was proposed to have been the most likely cause of the observed decrease in I values. Other
generic defects attributable to their processing, annealing and electrical probing were also
observed upon FESEM characterization of those devices.

Chapter 8
Summary and Future Work
An effort to design electrical contacts to heavily doped p- and n-type silicon
nanowires had been made in this thesis. The contacts that were investigated consisted of two
different geometries – nanowire/metal (or silicide) heterojunction contacts and
nanowire/metal-pad contacts.

8.1 Nanowire heterojunction contacts
A metallization scheme based on electrodeposited Co was developed as axial
heterojunction contacts to unintentionally doped p-type silicon nanowires in collaboration
with A. Mohammad. The amount of electrodeposited Au catalyst was found to be critical in
determining the size and distribution of precipitated Au nanoparticles within the constituent
silicon segment of the nanowire heterostructures. With the help of TEM studies, the amount
of the Au catalyst electrodeposited within the anodized alumina membrane used for
templated growth of the nanowires was optimized. This thickness (or length) was
determined to be two-thirds of the average pore diameter of the membrane. Subsequently,
nanowire heterostructures were successfully obtained using the optimum amount of Au
catalyst. Those nanowires had improved morphology and a lower concentration of
detectable Au nanoparticles within them according to SEM examination. Subsequent STEM
investigation of the heterostructures revealed that Au nanoparticles greater than
approximately 10 nm in diameter were minimized; however, those less than 10 nm in
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diameter were still detected especially near the Au/Si and CoSix/Si interfaces, apart from the
bulk of the Si segment. Similar observations of the presence of Au nanoparticles were also
made on a simplified Au/Si/Au nanowire heterostructure near the Au/Si interfaces.
One way to study the electrical characteristics of such heterostructures was to
fabricate top and bottom contacts to a cluster of nanowires that were intact within the
membranes; however, the presence of Au nanoparticles near metal/nanowire contacts might
significantly alter current transport at those contacts. Furthermore, there were observations
using SEM of the damage of nanowires (aligned between metal-pads) due to the possible
melting of Au nanoparticles above the Au-Si eutectic temperature during annealing. Such
occurrences would remain largely undetected for nanowires within the membranes. Due to
these reasons, it might be difficult to accurately estimate the contact resistance and other
electrical parameters from the recorded current-voltage characteristics. This led to the choice
to investigate metal/nanowire contacts based on the metal-pad geometry.

8.2 Metal pad electrode-finger contacts
Initial efforts to design metal-pad contacts focused on two-point probe
measurements. The primarily objective was to develop a suitable contact metallization for
the heavily doped p- and n-type silicon nanowires and optimize related process variables,
especially the post-fabrication annealing conditions. Contacts based on Pd, Ti/Au and
Co/Al metallizations were studied for the p-type nanowires. The contacts were fabricated
using process-flows involving UV-photolithography and physical vapor deposition. Twopoint probing was performed after fabrication. Afterwards, annealing was performed at
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various temperatures to lower the contact resistance, which was followed by two-point
probing. For all the contact metallizations, electrical measurements on the devices prior to
annealing produced a distribution of currents ranging from as low as 10-11 A to as high as
10-5 A, limited by the selected current compliance value. Several devices comprising these
metallizations exhibited linear current-voltage characteristics. In general, the magnitude of
increase in current became larger when annealing was performed at increasingly higher
temperatures. However, above an optimal annealing temperature, the fraction of the total
number of devices producing higher currents after annealing was found to decrease. For the
Pd metallization, annealing within 200-250 °C for 15 min in N2 ambient showed reliable
increases in currents, while for the Ti/Au metallization, a broader temperature range of 125300 °C for 15 min in an N2 ambient was found to be suitable. The Co/Al metallization also
showed similar increases in currents after annealing within 250-300 °C for 15 min in N2
ambient. Furthermore, for each of the annealing conditions examined, the fraction of
devices showing the highest current after annealing was the maximum for the case of the
Co/Al metallization. Together with the observation that a large majority of these contacts
were ohmic, the Co/Al metallization proved decidedly superior to the Pd or the Ti/Au
metallization for the heavily doped p-type silicon nanowires.
Contacts based on a Ti/Au metallization were investigated for the heavily doped ntype nanowires. Two-point probing demonstrated that there was a wide distribution of
currents ranging from 10-12-10-5 A in the as-deposited condition of the devices. Annealing
within the range of 125-300 °C in N2 ambient proved beneficial, though the increase in
current was found to be independent of the annealing temperature. Several devices produced
I-V characteristics typical of ohmic contacts after annealing.
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For all devices based on p- and n-type nanowires and for the respective metallizations
studied, annealing at temperatures higher than the optimal temperature range led to an
increase in the number of devices producing lower currents after annealing compared to
those in the as-deposited condition. In general, the distribution in current for the various
metallizations studied was attributed to several factors including variations resulting from
nanowire growth, processing, annealing or electrical probing. For some devices, the currentvoltage characteristics could be immediately correlated to structure-, processing- or
annealing-related defects during subsequent SEM characterization. Such defects included
discontinuities and discernible mechanical damage in nanowires, presence of multiple
nanowires, and melting of nanowires during annealing above the Au-Si eutectic temperature
owing to their Au content or due to Joule heating during electrical measurements.

8.3 Metal multicontacts
Once the contact metallizations were optimized and suitable annealing conditions
were identified, there was an increasing necessity to separate the contact resistance from the
nanowire resistance in these devices. This would help develop an understanding of the
electrical behavior of the contacts themselves and also further their improvement.
Accordingly, a new multicontact test-structure was designed and the process-flow modified
accordingly to incorporate four separate electrodes on a nanowire. The application of the
nanowire transmission line model was possible by careful design of the separation between
the electrodes. Aluminum, Co and Co/Al metallizations were investigated as contacts to
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heavily doped p-type nanowires, while for heavily doped n-type nanowires contacts based on
an Er/Al metallization were studied.
The fabrication of the devices was performed in accordance with the modified
process-flow that incorporated the patterning of the multicontacts using electron-beam
lithography. For the Al multicontacts, many devices showed ohmic contacts with linear
current-voltage characteristics upon two-point probing. The specific contact resistance
values in the as-deposited condition were determined by application of the nanowire
transmission line model using a fixed current value of 4 x 10-7 A and also at zero applied bias
for each device. The values obtained at the fixed current value ranged from 5 x 10-6 Ω-cm2 to
4 x 10-4 Ω-cm2 for a nanowire resistivity of 0.50 (±0.47) Ω-cm and the corresponding values
calculated at zero bias ranged from 1 x 10-5 – 4 x 10-4 Ω-cm2 for a nanowire resistivity of 0.53
(±0.48) Ω-cm. Some of the values calculated at zero bias were slightly higher than the
corresponding values calculated at the fixed current value (4 x 10-7 A) due to a small decrease
in slope of the current-voltage curve for those devices. A selection of devices was further
annealed at 200 °C in N2 ambient. Though some of the annealed devices produced higher
currents after annealing, the lowering of resistance in the individual electrodes was
disproportionate due to which their specific contact resistance values could not be extracted
accurately.
The development of a matrix-based approach was subsequently undertaken to
identify device segments for materials characterization. The approach was based on specific
current patterns that could result from only a unique combination of defects present within
the devices, therefore limiting their presence to a few easily identifiable locations. Using this
method, several defects related to discontinuities in the Al electrodes or the nanowire
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segments were identified and characterized. However, many other electrical results could not
be correlated to material defects. Other materials characterization routes were also adopted.
Chemical etching of an Al layer deposited on nanowires lying on a silicon substrate revealed
evidence of pitting under the Al contacts. This was considered partly responsible for the
variation in electrical characteristics for some devices containing Al layers in their contact
metallization.
Cobalt multicontacts were fabricated in a similar manner as the Al multicontacts to
heavily doped p-type nanowires. Devices with Co contacts showed linear current-voltage
characteristics and high currents in the range of 1-10 µA. A majority of the devices also
showed increase in currents upon annealing in an N2 ambient up to a temperature of 250 °C.
This might be attributed to the formation of a cobalt silicide phase. Above 250 °C, an
increasing number of devices showed a decrease in current. The Co multicontacts suffered
from inferior edge-acuity resulting from poor lift-off of the Co metallization. Consequently,
it was not feasible to accurately determine the electrode separations in the fabricated
structures, which made it difficult to accurately determine their specific contact resistance
values. It was found that replacing a significant fraction of Co with Al in the Co
multicontacts led to improved lift-off of the Co metallization. In this way, the low contact
resistance of the Co multicontacts could be combined with the ease in lift-off of the Al
multicontacts to form a Co/Al stack metallization. That apart, electrical data were already
available for comparison from the electrode-finger-type contacts (at the ends of the
nanowires) based on Co/Al metallization. Accordingly, Co/Al multicontacts to p-type
nanowires were fabricated in which the thickness of the Co layer was limited to 10-20 nm.
FESEM investigation (after annealing) confirmed the superior edge acuity for a sizeable
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fraction of the devices. Based on the optimum conditions for the Co/Al electrode-finger
contacts at the ends of the nanowires, annealing was performed for selected devices at 120
°C to 250 °C for 15 min in N2 ambient. The nanowire transmission line model was applied
at a fixed current of 5 x 10-7 A and at zero applied bias; the former analysis condition
produced specific contact resistance values from 2 x 10-5 – 2 x 10-4 Ω-cm2 in the as-deposited
condition for a nanowire resistivity of 0.37 (±0.19) Ω-cm and from 4 x 10-6 – 7 x 10-5 Ω-cm2
after annealing for a nanowire resistivity of 0.20 (±0.05) Ω-cm, while the latter analysis
condition produced specific contact resistance values from 6 x 10-6 – 6 x 10-4 Ω-cm2 in the
as-deposited condition for a nanowire resistivity of 0.27 (±0.18) Ω-cm and from 2 x 10-6 – 2
x 10-4 Ω-cm2 after annealing for a nanowire resistivity 0.21 of (±0.05) Ω-cm. Thus, higher
currents were measured after annealing. There were a few devices that produced low or zero
currents from an electrode-pair after annealing, though high currents were recorded prior to
annealing from the same electrode-pairs. FESEM characterization revealed that, in many
cases, such observations could be correlated to defects in the form of discontinuities in the
nanowire and/or the electrodes. Degradation of the metal/nanowire interface or the
formation of a low resistance phase at the interface could not be directly observed during
such characterization.
A mechanism was proposed for the ohmic contact formation in the as-deposited and
annealed conditions of the Co/Al multicontacts and the observed decrease in specific
contact resistance after annealing. It is believed that an ohmic contact was formed between
Co and Si in the as-deposited condition and between Co2Si and Si after annealing. The
observed decrease in the specific contact resistance after annealing was proposed to be due
to an interplay of two mechanisms: firstly, the formation of a thin Co2Si layer between the
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Co and the Si nanowire resulting in a decrease in the SBH and an increase in B concentration
locally within the nanowire, and secondly, the doping of the nanowire immediately adjacent
to the Co2Si layer by Al. This resulted in an increase in the dopant concentration within the
nanowire underneath the silicide/Si interface thereby narrowing the barrier and facilitating
an increase in the majority carriers transported via tunneling at the interface.
Er/Al (20/140 nm) contacts were fabricated to heavily doped n-type silicon
nanowires following a variant of the generic process-flow, and electrical characteristics were
examined by two-point probing. Currents as high as 10 µA were measured for a few devices
in the as-deposited condition. Annealing between 200-250 °C for 15 min in N2 ambient
resulted in decrease in currents for a large majority of the annealed devices. No devices were
found for which the current-voltage characteristics followed the trend of decreasing current
with increasing electrode separations. Due to this, the extraction of the specific contact
resistance values via the NTLM model was not feasible. In general, the decrease in current
was attributed to the oxidation of Er, which might have been possible due to the high
reactivity of Er with the ambient oxygen. FESEM characterization was performed after
applying the matrix-based defect site identification technique. In a few cases, it revealed the
presence of discontinuities in the nanowire segments and/or electrodes in the as-deposited
condition and also after annealing. These were likely to have arisen from processing or due
to melting of the nanowires at their most resistive sections during electrical probing. Defects
related to the structural integrity of the nanowires and electrical probing could have been
responsible for some of the observation of low currents, especially those that were recorded
prior to annealing.
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8.4 Future work
The results presented in this thesis for electrical contacts to heavily doped p- as well
as n-type nanowires were useful in developing an understanding of their electrical
characteristics and material properties. Simultaneously, several prospective areas were also
identified for future research, some of which are discussed in the following sections.

8.4.1 Efficient process technologies
One method to reduce the current variations of the final devices due to processingrelated defects is to reduce the number of processing steps and thereby reduce processrelated variations. In this respect, efficient process technologies need to be developed. Some
preliminary work has been initiated by Wang et al. in the Mayer group towards fabricating
samples via an alternative process-flow in which the alignment/probe-pad layer may be
combined with the underlying bus-bar layer through the use of a unified photolithography
mask as shown in Figure 8.1. The nanowires may then be assembled by applying an AC
electric field across the large rectangular pads reminiscent of the bus-bar layer such that they
can get aligned between the electrode-fingers of the alignment/probe-pad layer. This
process-flow may introduce more efficiency through simplification and reduced process
variations since the dielectric layer and the processes associated with it, including the
selective etching of the dielectric layer, might be completely eliminated. Moreover, due to the
elimination of the layers, the thickness of the final metallization layer may also be reduced to
smaller values, which in turn may facilitate efficient lift-off of this critical metallization layer.
One disadvantage may be that since this process is not based on capacitive coupling, the
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assembly of nanowires between the electrode-fingers may not be self-limiting. This means
that the probability of multiple nanowires getting aligned per electrode-finger pair site on a
cell may be higher. However, this disadvantage may be offset by the increased efficiency in
processing. One way to decrease the probability of aligning more than one nanowire per site
might be to use a decreased voltage for the assembly and optimizing the density of the
nanowire solution carefully.

Figure 8.1: Layout image of alignment/probe-pad mask II
A sanity-check was performed for the proposed process modification. A reasonable yield of
25-30 % was obtained for the nanowire assembly step. The I-V characteristics of an oxideetched heavily doped p-type nanowire device with Co/Al (10/50 nm) contact metallization is
shown in Figure 8.2 and are self-explanatory. Since the process-flow is generic it has the
potential to be implemented to study other contact metallizations.
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Figure 8.2: I-V characteristics of Co/Al multicontacts fabricated on a p-type nanowire via a
variation of the generic process-flow in which an integrated bus-bar-alignment/probe-pad
layer was used. The I-V characteristics were measured by two-point probing using the WS,
SN and NE electrode-pairs within an applied bias of ±2 V.

8.4.2 Alternative contact designs
A good contact design can play a vital role in ensuring the effectiveness of a
process-flow. Alternative designs that are better than the prevalent design or more suitable
to a modified process-flow may be worthwhile to explore. In this respect, the multicontact
configuration may be redesigned to accommodate an increased width of the multicontact
electrodes from 200 nm to 300 nm at their narrowest ends to alleviate the lift-off of some
contact metallizations. Figure 8.3 shows the old design and a proposed new design of the
multicontact configuration.
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Figure 8.3: Layout designs of multicontact electrodes of width (a) 200 nm and (b) 300 nm at
their narrowest ends.
In order to perform a sanity-check, Co/Al (10/50 nm) contacts were fabricated to oxideetched heavily doped p-type nanowires with the modified multicontact configuration. The IV characteristics from a representative device are shown in Figure 8.4 and are selfexplanatory.
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Figure 8.4: I-V characteristics of Co/Al multicontacts fabricated on a p-type nanowire via a
variation of the generic process-flow in which an integrated bus-bar-alignment/probe-pad
layer was used along with a modified multicontact layer with 300 nm electrode-width. The IV characteristics were measured by two-point probing using the WS, SN and NE electrodepairs within an applied bias of ±2 V.
Future work may comprise fabrication of relevant contact metallizations on p- and/or n-type
silicon nanowires using the modified process-flow described in Section 8.4.1 in combination
with the wider multicontact electrodes proposed in this section. Further optimization of the
multicontact design may be forthcoming to obtain superior edge-definition and electrical
characteristics.
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8.4.3 Focused ion beam assisted materials characterization
In the course of this thesis, there were several occasions in which a direct
explanation of the phenomena occurring at the buried interfaces like the electrical
contact/silicon nanowire interface was needed. Among these include the observation of an
increase in current after annealing for some contacts. Similarly, the observation of very low
or zero currents from a two-point probe measurement involving electrodes and nanowire
segments that look continuous by optical microscopy or SEM either in the as-deposited
condition and after annealing was required to develop an understanding of the material
systems present at the contact/nanowire interface. Material systems would also include any
new phases that may result owing to the annealing of the contacts. One of the methods to
carry out such an investigation would be to acquire cross-sections of the interfaces from real
samples and prepare electron microscopy, preferably TEM, samples from these crosssections. The technological hurdle is to extract the cross-section from the sample precisely
from the location that needs investigation and do this extraction without damaging the
region of interest as also the adjoining parts of the sample. Focused ion beam (FIB) is a
state-of-the-art method that can be employed for such specialized TEM sample preparation.
Some preliminary work was done on electrical contacts based on Ti/Au metallization on ptype nanowires. The FIB tool used was a FEI Quanta 200 3D Dual Beam FIB, which
consisted of a Ga3+ ion-beam for milling. It also had the capacity for in situ Pt deposition and
automated Omniprobe needle maneuverability. An SEM attached to the FIB tool facilitated
real time observation of the stage, gas injection chute and Omniprobe needle movements
simultaneously which was very useful in preparing the desired specimens for TEM. A TEM
cross-sectional image of a contact/silicon nanowire interface is shown in Figure 8.5. The
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circular cross-section of the nanowire is clearly visible along with the metallization on the
top. The metallization adjacent to the nanowire consists of an 80-nm Ti layer, a 200-nm Au
layer and finally a Pt layer, which is several microns in thickness. The Pt layer was deposited
to prevent the Ga3+ beam from milling away the region of interest and to provide mechanical
stability to the otherwise fragile sample to be extracted from the region of interest on the
wafer. The cross-sectional image shows that the interface between the nanowire and the Ti
layer is relatively sharp. There also seems to be a reaction layer at the interface between the
Ti and the field oxide on the substrate where the Ti seems to have reduced some of the SiO2
from the field oxide layer.

Figure 8.5: TEM image of the cross-section of a multicontact electrode/nanowire interface
obtained by FIB from a device comprising of Ti/Au metallization on p-type silicon
nanowires. The circular cross-section in the image is the nanowire. Pt was deposited to
provide mechanical stability to the region of interest and preserve its top surface during its
extraction from the wafer following FIB isolation by silicon milling.
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EDS can be used to determine the chemical composition of the interface once the TEM
samples are prepared with the assistance of the FIB. Such data can be very useful in
determining the phases formed at the contact/nanowire interface and adjust the processing
or annealing conditions accordingly to better the contact design process eventually leading to
the formation of low resistance ohmic contacts.

8.4.4 TEM ‘workbench’
Ideally it is desirable to be able to relate the variation in the electrical characteristics
of the nanowires to their chemical composition in a one-to-one fashion. A TEM
‘workbench’ would allow such a correlation to be established with ease and confidence. To
this end, some results have already been reported that illustrates how a silicon wafer
containing a fabricated test-structure or device on the top surface can be chemically etched
selectively from the back surface to open windows in the silicon layer in which only a thin
layer of a transparent material such as silicon nitride may be present underneath the teststructure [103]. Such a sample can subsequently be cleaved into smaller sizes that if thinner
than 200 nm are suitable for TEM characterization. Depending on the complexity of the
test-structure, two- or four-point electrical data from devices may be directly compared to
their morphology, composition and structure in a one-to-one fashion, thus providing an
extremely powerful tool to progressively improve the design of the devices with the aim of
attaining the desired electrical characteristics.
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Appendix A
Semiconductor Processing Procedures and Process-Flows

A.1 Standard Cleaning Procedure
Over the years, some standard processes have been developed within the
semiconductor industry to clean the wafers from time to time in an IC manufacturing line.
The standard cleaning procedure provided below is a variant of those used in the
semiconductor industry. It consists of several steps performed in succession to remove all
kinds of particulate impurities from the wafer. In particular, the SC1 and the SC2 steps listed
below help in removal of the organic and metallic contaminants from the wafer surface
[104,105].
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.

Dip in acetone at 60 °C for 15 min.
Rinse in de-ionized (DI) water.
Dip in IPA at 60 °C for 15 min.
Rinse in DI water.
Dip in a NH3:H2O2:H2O (1:1:5) solution at 60°C for 15min (SC1).
Dip in HCl:H2O2:H2O (1:1:5) solution at 60°C for 15min (SC2)
Rinse in DI water.
Rinse in acetone for 30 s.
Rinse in IPA for 30 s.
Blow dry using a N2 gun.
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A.2 Process-Flows

A.2.1 Process-Flow I
Operation
1. Wafer inspection
2. Chemical cleaning

3. Thermal oxidation
4. Photolithography I
- resist coating
- soft bake (hotplate)
- exposure
- developing
- visual inspection
5. RIE for descum
6. Metallization: Bus-bar
7. Lift-off: Bus-bar
- visual inspection
8. SOG deposition
- soft bake (hotplate)
- soft bake (hotplate)
- curing
9. Photolithography II
- resist coating
- soft bake
- exposure
- developing
- visual inspection

Required parameters
- Si type
- thickness
- resistivity
- acetone, 60 °C, 15 min
- DI water rinsing
- IPA, 60 °C, 15 min
- DI water rinsing
- NH3 : H2O2 : H2O (1:1:5), 60 °C, 15 min
- HCl : H2O2 : H2O (1:1:5), 60 °C, 15 min
- DI water rinsing
- acetone + IPA rinsing
- drying
- time: 8-10 hr
- temperature: 1100 °C
- thickness: 1-1.5 µm
- mask: Bus-bar
- BPRS100, 4000 rpm, 40 s
- 115 °C, 90 s
- 0.5 min, channel 1
- PLSI 3:1, 35-40 s
- optical microscope
- O2, flowrate: 900 sccm, 1 min, 25 W
- Po< 6.10-7 torr
- Ti: I = 60-70 A, R = Å/s dTi = 300 Å
- Pd: I = 80-100 A, R= Å/s dPd = 800 Å
- acetone
- optical microscope
- SOG312B, 4000 rpm, 30 s
- 85 °C, 60 s
- 135 °C, 60 s
- Pro1
- mask: Via
- Shipley1827, 4000 rpm, 40 s
- 100 °C, 60 s
- 1.0 min, channel 1
- 351:H20 (1:5), 60 s
- optical microscope
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10. Lift-off: Via
- visual inspection
11. RIE for etching SOG
12. SOG leakage current testing
13. Photolithography III
- resist coating
- soft bake
- exposure
- developing
- visual inspection
14. RIE for Descum
15. Metallization: Alignment/probe-pad
I

16. Lift-off: Alignment/probe-pad I
- visual inspection
17. Nanowire assembling
18. Photolithography IV
- resist coating
- soft bake
- exposure
- developing
- visual inspection
19. RIE for descum
20. Metallization: Anchor I

21. Lift-off: Anchor
- visual inspection
22. Sample mapping
23. Cleave wafer into cells
24. Pre-anneal I-V data

- acetone
- optical microscope
- O2, flowrate: 75 sccm
- CF4, flowrate: 332 sccm
- 6 min, 100 W
- V range = V, I comp.= A
- mask: Alignment/probe-pad I
- BPRS100, 4000 rpm, 40 s
- 115 °C, 90 s
- 0.5 min, channel 1
- PLSI 3:1, 35-40 s
- optical microscope
- O2, flowrate: 900 sccm, 1 min, 25 W
- Po< 6.10-7 torr
- Ti: I = 60-70 A, R = Å/s
- dTi =
Å
- Au: I = A, R = Å/s
dAl = 1000 Å
- acetone
- optical microscope
- Nanowire type: …………
- Prepared by …… on …….
- U = 15 V, 1 kHz
- mask: Anchor I
- BPRS100, 4000 rpm, 40 s
- 115 °C, 90 s
- 0.5 min, channel 1
- PLSI 3:1, 35-40 s
- optical microscope
- O2, flowrate: 900 sccm, 1 min, 25 W
- Po< 6.10-7 torr
- Ti: I = 60-70 A, R = Å/s
- dTi =
Å
- Au: I = A, R = Å/s
dAl = 2500 Å
- acetone
- optical microscope
- No. of cells: …………..
- No. of rows: ………......
- No. of columns: ………
- Background noise: …A
- Leakage current: ……A
- V range = V, I comp.= A
- Integration time: ……s
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25. Annealing
26. Post-anneal I-V data

- T = ……°C, t = …….. s
- Background noise: …A
- Leakage current: ……A
- V range = V, I comp.= A
- Integration time: …….s

A.2.2 Process-Flow II
Operation
1. Wafer inspection
2. Cleaning
3. Photolithography I
- resist coating
- soft bake (hotplate)
- exposure
- developing
- visual inspection
4. RIE for Descum
5. Metallization: Bus-bar
Thermal Evaporation

6. Lift-off: Bus-bar
- visual inspection
7. RIE for descum
8. SOG deposition
- soft bake (hotplate)
- soft bake (hotplate)
- curing
9. Photolithography II
- resist coating
- soft bake
- exposure
- developing
- visual inspection
- hard bake
10. Wet etching SOG or SiNx (PECVD)

Required parameters
- Si type
- thickness
- resistivity
- Acetone + IPA rinsing
- drying
- mask: Bus-bar
- BPRS100, 4000 rpm, 40 s
- 115 °C, 90 s
- 0.45-0.5 min, 3.0 mW/cm2
- PLSI 3:1, 45-60 s
- optical microscope
- O2, flow rate: 750 sccm, 1 min, 25 W
- Po< 6.10-7 torr
- Ti: I = 50-70 A, 20 kV
dTi = 200 Å
- Pd: I = 150-170 A, 10 kV
dPd = 600 Å
- dipping in acetone, sonication
- acetone and IPA rinsing
- optical microscope
- O2, flow rate: 750 sccm, 1 min, 25 W
- SOG312B, 4000 rpm, 30 s (Shake 5 min before
use.)
- 85 °C, 60 s
- 135 °C, 60 s
- “Pro1” program
- mask: SOG Removal
- Shipley1827, 4000 rpm,40 s
- 100 °C, 60 s
- 1.0 min, 3.0 mW/cm2
- 351:H20 (1:5), 60-70 s
- optical microscope
- 110 °C, 5 min
- 10:1 buffered oxide etch (BOE)
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11. Two-point probe testing
12. Clean wafer
Visual Inspection
13. Photolithography III
- resist coating
- soft bake
- exposure
- developing
- visual inspection
14. RIE for descum
15. Metallization: Thermal Evaporation
16. Lift-off:
- visual inspection
17. SOG leakage current testing
18. Nanowire assembling
19. Photolithography IV
20. Metallization
Thermal Evaporation
21. Lift-off
22. Sample mapping

- time: 120 s-160 s for SOG; 60 s-80 s for SiNx
- check it under the microscopy and probe station
- V range = V, I comp.= A
- acetone, IPA, sonication
- optical microscope
- mask: Alignment/Probe-pad I
- BPRS100, 4000 rpm, 40 s
- 115 °C, 90 s
- 0.45-0.5 min, 3.0 mW/cm2
- PLSI 3:1, 45-60 s
- optical microscope
- O2, flowrate: 750 sccm, 1 min, 25 W
- Ti: 200 A
- Au: 800 A
- acetone and IPA, sonication
- optical microscope
HP4156 and probe-station
- nanowire type: …………
- prepared by …… on …….
- V = 15 V, 1 kHz
- mask: Anchor I
- Ti: 800 A
- Au: 2000 A
- Microposit 1165 heated to 60 °C
- Acetone, IPA rinse
- No. of cells: …………..
- No. of rows: ………......
- No. of columns: ………

A.2.3 Process-Flow III
Operation
1. Wafer inspection
2. Cleaning
3. Photolithography I
- resist coating
- soft bake (hotplate)
- exposure
- developing
- visual inspection

Required parameters
- Si type
- thickness
- resistivity
- acetone + IPA rinsing
- drying
- mask: Bus-bar
- BPRS100, 4000 rpm, 40 s
- 115 °C, 90 s
- 0.45-0.5 min, 3.0 mW/cm2
- PLSI 3:1, 45-60s
- optical microscope
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4. RIE for descum
5. Metallization: Bus-bar
Thermal Evaporation

6. Lift-off: Bus-bar
- visual inspection
7. RIE for Descum
8. SOG deposition
- soft bake (hotplate)
- soft bake (hotplate)
- curing
9. Photolithography II
- resist coating
- soft bake
- exposure
- developing
- visual inspection
- hard bake
10. Wet etching SOG or SiNx (PECVD)
11. Two-point probe testing
12. Clean wafer
- visual Inspection
13. Photolithography III
- resist coating
- soft bake
- exposure
- developing
- visual inspection
14. RIE for descum
15. Metallization:
Thermal Evaporation
16. Lift-off:
- visual inspection
17: SOG leakage current testing
18. Nanowire assembling
19. Photolithography IV
20: Metallization

- O2, flow rate: 750 sccm, 1 min, 25 W
- Po< 6.10-7 torr
- Ti: I = 50-70 A, 20 kV
dTi = 200 Å
- Pd: I = 150-170 A, 10 kV
dPd = 600 Å
- dipping in acetone, sonication
- acetone and IPA rinsing
- optical microscope
- O2, flow rate: 750 sccm, 1 min, 25 W
- SOG312B, 4000 rpm, 30 s (Shake 5 min before
use.)
- 85°C, 60s
- 135°C, 60s
- “Pro1” Program
- mask: SOG Removal
- Shipley1827, 4000 rpm,40 s
- 100 °C, 60 s
- 1.0 min, 3.0 mW/cm2
- 351:H20 (1:5), 60-70 s
- optical microscope
- 110 °C, 5 min
- 10:1 Buffered Oxide Etch
- time: 120 s-160 s for SOG; 60 s-80 s for SiNx
- check it under the microscopy and probe station
- V range = V, I comp.= A
- acetone, IPA, sonication
- optical microscope
- mask: Alignment/probe-pad I
- BPRS100, 4000 rpm, 40 s
- 115 °C, 90 s
- 0.45-0.5 min, 3.0 mW/cm2
- PLSI 3:1, 45-60 s
- optical microscope
- O2, flowrate: 750 sccm, 1 min, 25 W
- Ti: 200 A
- Au: 800 A
- acetone and IPA, sonication
- optical microscope
HP4156 and probe-station
- nanowire type…………
- prepared by …… on …….
- V = 15 V, 1 kHz
- feature: Anchor II
- Ti: 800 A
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Thermal Evaporation
21: Lift-off
22. Sample mapping

- Au: 2000 A
- Microposit 1165 heated to 60 °C
- acetone, IPA rinse
- No. of cells: …………..
- No. of rows: ………......
- No. of columns: ………

A.2.4 Process-Flow IV
Operation
1. Wafer inspection
2. Cleaning
3. Photolithography I
- resist coating
- soft bake (hotplate)
- clean the mask
- align
- exposure
- developing
- visual inspection
4. RIE for Descum
5. Metallization: Bus-bar
Thermal Evaporation

6. Lift-off: Bus-bar
- visual inspection
7. RIE for Descum
8. SOG spin on glass
- soft bake (hotplate)
- soft bake (hotplate)
- curing
9. Photolithography II
- resist coating
- soft bake
- exposure
- developing

Required parameters
- Si type
- thickness
- resistance
- Acetone + IPA rinsing
- drying
- mask: Bus-bar
- BPRS100, 4000 rpm, 40s
- 115°C, 90s
- 0.45-0.5min, 3.0mw/cm2
- PLSI 3:1, 45-60s

- O2, flow rate: 750, 1min, 25W
- Po< 6.10-7 torr
- Ti: I = 50-70A, 20kV
dTi = 200 Å
- Pd: I = 150-170A, 10kV
dPd = 600 Å
- Dipping in Acetone, sonication
- Acetone and IPA rinsing
- optical microscope
- O2, flow rate: 750, 1min, 25W
- SOG312B, 4000 rpm, 30s (Shake before 5min
use)
- 85°C, 60s
- 135°C, 60s
- “Pro1” Program
- mask: SOG Removal
- Shipley1827, 4000 rpm,40s
- 100°C, 60s
- 1.0min, 3.0mw/cm2
- 351:H20 (1:5), 60-70s
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- visual inspection
10. Wet etching SOG or SiNx
(PECVD)
11. Two-point probe testing
12. Clean wafer
Visual Inspection
13. Photolithography III
- resist coating
- soft bake
- exposure
- developing
- visual inspection
14. RIE for Descum
15. Metallization:
Thermal Evaporation
16. Lift-off:
- visual inspection
17: The leakage Current of SOG
18. Nanowire assembling
19. E-Beam lithography
20: Metallization
Thermal Evaporation
21: Lift-off
22. Sample mapping

- Hard-bake, 110°C, 5min
- 10% Buffered Oxide Etch
- Time: 120s-160s for SOG; 60s-80s for SiNx
- check it under the microscopy and probe station
- V range = V, I comp.= A
- acetone, IPA, sonication
- optical microscope
- mask: Alignment/Probe-pad I
- BPRS100, 4000 rpm, 40s
- 115°C, 90s
- 0.45-0.5min, 3.0mw/cm2
- PLSI 3:1, 45-60s
- O2, flowrate: 750, 1min, 25W
- Ti: 200A
- Au: 800A
- Acetone and IPA, sonication
- optical microscope
HP4156 and Probe Station
- Nanowire type
- Prepared by …… on …….
- V = 15V, 1 kHz
- feature: Multicontact I
- Ti: 800A
- Au: 2000A
- 1165 Heated to 60degree
- Acetone, IPA rinse
- No. of cells: …………..
- No. of rows: ………......
- No. of columns: ………

A.2.5 Process-Flow V
Operation
1. Wafer inspection
2. Cleaning
13. Photolithography I
- resist coating

Required parameters
- Si type
- thickness
- resistance
- Acetone + IPA rinsing
- drying
- mask: Alignment/Probe-pad II
- BPRS100, 4000 rpm, 40s
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- soft bake
- exposure
- developing
- visual inspection
14. RIE for Descum
15. Metallization:
Thermal Evaporation
16. Lift-off:
- visual inspection
18. Nanowire assembling
13. Photolithography II
- resist coating
- soft bake
- exposure
- developing
- visual inspection
14. RIE for Descum
14. Wet etching Au first then Ti

19. E-Beam lithography
20: Metallization
Thermal Evaporation
21: Lift-off
22. Sample mapping

- 115°C, 90s
- 0.45-0.5min, 3.0mw/cm2
- PLSI 3:1, 45-60s
- O2, flowrate: 750, 1min, 25W
- Ti: 200A
- Au: 800A
- Acetone and IPA, sonication
- optical microscope
- Nanowire type
- Prepared by …… on …….
- V = 15V, 1 kHz
- mask: Cut
- BPRS100, 4000 rpm, 40s
- 115°C, 90s
- 0.45-0.5min, 3.0mw/cm2
- PLSI 3:1, 45-60s
- O2, flowrate: 750, 1min, 25W
- Au: Au etchant-KI/I2 solution, 5 min
- DI rinse + drying
- Ti: Ti etchant-BOE 10:1, 1-2 min
- DI rinse + drying
- feature: Multicontact I
- Ti: 800A
- Au: 2000A
- 1165 Heated to 60degree
- Acetone, IPA rinse
- No. of cells: …………..
- No. of rows: ………......
- No. of columns: ………

A.3 Photolithography Processing Steps
The photolithography steps used in this thesis are as detailed below:
1.
2.
3.
4.
5.
6.
7.

Rinse the wafer with acetone and IPA.
Blow dry wafer with N2 gun.
Hard-bake wafer at 100 °C for 5 min.
Cool down wafer by blowing with N2 gun.
Shake photoresist 5 min before use.
Spin photoresist on wafer at recommended speed for recommended time.
Soft-bake wafer at recommended temperature for recommended time.
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8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.

Rinse mask with acetone and IPA.
Blow dry mask with N2 gun.
Adjust position and rotation knobs on aligner to center the vacuum chuck.
Place mask on mask-holder securely by turning on mask-holder vacuum and slide
mask-holder to position on the aligner.
Place wafer on vacuum chuck.
Ensure wafer is separated from the mask using the lever on the aligner.
Align wafer to pattern using microscope starting with low magnification and
progressively going to higher magnification.
Adjust wafer height relative to mask if needed.
Bring wafer in contact with mask.
Turn on vacuum for the vacuum chuck.
Set exposure time and ensure channel 1 is selected for exposure.
Expose wafer for selected time.
Prepare developer solution.
Develop wafer for recommended time.
Rinse wafer with DI water and blow dry with N2 gun.
Visually inspect wafer under an optical microscope for alignment and uniformity of
exposure and development.
If lithography is satisfactory, proceed to oxygen plasma descumming step, else repeat
steps 1-24.

Appendix B
Extracting Specific Contact Resistance Value

B.1 Curve-Fitting using Mathematica®
Mathematica® was used to extract the nanowire resistivity (ρs) and current transfer
length (LT) by curve fitting experimental data for the total resistance (RT) as a function of the
length of the nanowire segment (ℓ) to the expression given in Eq. 2.1, which is identical to
Eq. 7.2 in Chapter 7.

RT =

ρs
L
{2 LT coth( ) + l}
2
πr
LT

(2.1)

A generic Mathematica® code follows. The r and L values, both measured by FESEM, and the
(RT,ℓ) values measured by two-point electrical probing were the input parameters along with
the expression for RT. The ρs and LT values, the latter being referred to as Z in the following
code were the output parameters. Finally, the specific contact resistance (ρc) could be
calculated using Eq. 2.2 below, which is identical to Eq. 7.3 in Chapter 7.

2ρ L
ρc = s T
r

2

(2.2)
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r := 4.02 ∗ 10^ −6;
L := 0.243 ∗ 10^ −4;
<< Statistics`NonlinearFit`

data = 881.42 ∗ 10^ −4, 4.69 ∗ 10^5<, 89.25 ∗ 10^ −5, 3.63 ∗ 10^5<,
84.43 ∗ 10^ −5, 1.87 ∗ 10^5<<;
ExpA L E + ExpA−
ρs i
Z
NonlinearFitAdata,
2∗ Z ∗
2
π×r
ExpA LZ E − ExpA−
k
8x<, 8ρs, Z<E

LE
Z
LE
Z

y
+x ,
{

2.88304 × 109 H0.0000248822 + xL

BestFitParameters ê.
NonlinearRegressAdata,

ExpA L E + ExpA− L E
y
ρs i
Z
Z
2
∗Z∗
+ x , 8x<, 8ρs, Z<,
π × r2
ExpA LZ E − ExpA− ZL E
k
{

RegressionReport → BestFitParametersE

8ρs → 0.14637, Z → 0.0000120131<

Appendix C
Electrical data for Al and Co/Al contacts to p-type Si nanowires

C.1 Al multicontacts

-7

As deposited (I = -4 x 10 A)

r (nm)
Device 1

44

Device 2

40

Device 3

40

As deposited (V = 0 V)

r (nm)
Device 1

44

Device 2

40

Device 3

40

V interpolated (V)

WS
SN
NE
WS
SN
NE
WS
SN
NE

I fixed (A)
-7
-4 x 10
-7
-4 x 10
-7
-4 x 10
-7
-4 x 10
-7
-4 x 10
-7
-4 x 10
-7
-4 x 10
-7
-4 x 10
-7
-4 x 10

Electrode-pair

dI (A)

dV (V)

Electrode-pair

WS
SN
NE
WS
SN
NE
WS
SN
NE

-9

8.47 x 10
-8
1.16 x 10
-8
1.78 x 10
-9
4.34 x 10
-9
5.07 x 10
-9
7.97 x 10
-8
4.27 x 10
-8
5.51 x 10
-7
1.07 x 10

-0.96
-0.65
-0.45
-1.73
-1.48
-1.08
-0.09
-0.07
-0.04

-2

2.00 x 10
-2
2.00 x 10
-2
2.00 x 10
-2
2.00 x 10
-2
2.00 x 10
-2
2.00 x 10
-2
2.00 x 10
-2
2.00 x 10
-2
2.00 x 10

R T (Ω)
6
2.41 x 10
6
1.63 x 10
6
1.13 x 10
6
4.33 x 10
6
3.71 x 10
6
2.69 x 10
5
2.34 x 10
5
1.81 x 10
4
9.35 x 10
R T (Ω)
6
2.36 x 10
6
1.73 x 10
6
1.13 x 10
6
4.61 x 10
6
3.95 x 10
6
2.51 x 10
5
4.69 x 10
5
3.63 x 10
5
1.87 x 10

ℓ (cm)
-4

2.88 x 10
-4
1.90 x 10
-5
9.33 x 10
-4
1.41 x 10
-5
9.21 x 10
-5
4.42 x 10
-4
1.42 x 10
-5
9.25 x 10
-5
4.43 x 10
ℓ (cm)
-4

2.88 x 10
-4
1.90 x 10
-5
9.33 x 10
-4
1.41 x 10
-5
9.21 x 10
-5
4.42 x 10
-4
1.42 x 10
-5
9.25 x 10
-5
4.43 x 10
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C.2 Co/Al multicontacts

Device 1

46

Device 2

51

Device 3

38

Device 4

48

-7

As deposited (I = -5 x 10 A)

r (nm) Electrode-pair
WS
SN
NE
WS
SN
NE
WS
SN
NE
WS
SN
NE

As deposited (V = 0 V)

r (nm) Electrode-pair
Device 1

46

Device 2

51

Device 3

38

Device 4

48

WS
SN
NE
WS
SN
NE
WS
SN
NE
WS
SN
NE

Annealed at 250 °C (I = -5 x 10-7 A)

r (nm) Electrode-pair
Device 1

46

Device 2

51

Device 3

38

Device 4

48

WS
SN
NE
WS
SN
NE
WS
SN
NE
WS
SN
NE

I fixed (A)
-7

5 x 10
-7
5 x 10
-7
5 x 10
-7
5 x 10
-7
5 x 10
-7
5 x 10
-7
5 x 10
-7
5 x 10
-7
5 x 10
-7
5 x 10
-7
5 x 10
-7
5 x 10

V interpolated (V)

5

0.45
0.37
0.27
0.62
0.48
0.43
1.20
1.06
0.63
0.75
0.54
0.40

dI (A)

dV (V)
-8

-2

2.20 x 10
-8
2.71 x 10
-8
3.74 x 10
-8
1.62 x 10
-8
2.04 x 10
-8
2.37 x 10
-9
8.16 x 10
-9
6.84 x 10
-9
9.18 x 10
-8
1.33 x 10
-8
1.85 x 10
-8
2.61 x 10

2.00 x 10
-2
2.00 x 10
-2
2.00 x 10
-2
2.00 x 10
-2
2.00 x 10
-2
2.00 x 10
-2
2.00 x 10
-2
2.00 x 10
-2
2.00 x 10
-2
2.00 x 10
-2
2.00 x 10
-2
2.00 x 10

I fixed (A)
-7
5 x 10
-7
5 x 10
-7
5 x 10
-7
5 x 10
-7
5 x 10
-7
5 x 10
-7
5 x 10
-7
5 x 10
-7
5 x 10
-7
5 x 10
-7
5 x 10
-7
5 x 10

V interpolated (V)
0.37
0.26
0.14
0.38
0.31
0.21
0.35
0.38
0.23
0.32
0.25
0.16

ℓ (cm)

R T (Ω)

-4

9.02 x 10
5
7.42 x 10
5
5.43 x 10
6
1.24 x 10
5
9.65 x 10
5
8.58 x 10
6
2.39 x 10
6
2.12 x 10
6
1.26 x 10
6
1.49 x 10
6
1.08 x 10
5
7.92 x 10

2.78 x 10
-4
1.85 x 10
-5
8.79 x 10
-4
2.00 x 10
-4
1.49 x 10
-5
9.75 x 10
-4
1.88 x 10
-4
1.40 x 10
-5
9.32 x 10
-4
2.02 x 10
-4
1.47 x 10
-5
9.62 x 10

R T (Ω)
5
9.09 x 10
5
7.38 x 10
5
5.35 x 10
6
1.23 x 10
5
9.82 x 10
5
8.44 x 10
6
2.45 x 10
6
2.93 x 10
6
2.18 x 10
6
1.51 x 10
6
1.08 x 10
5
7.65 x 10

2.78 x 10
-4
1.85 x 10
-5
8.79 x 10
-4
2.00 x 10
-4
1.49 x 10
-5
9.75 x 10
-4
1.88 x 10
-4
1.40 x 10
-5
9.32 x 10
-4
2.02 x 10
-4
1.47 x 10
-5
9.62 x 10

R T (Ω)
5
7.37 x 10
5
5.13 x 10
5
2.83 x 10
5
7.57 x 10
5
6.28 x 10
5
4.28 x 10
5
7.09 x 10
5
7.53 x 10
5
4.64 x 10
5
6.49 x 10
5
5.02 x 10
5
3.25 x 10

ℓ (cm)
-4

ℓ (cm)
-4

2.78 x 10
-4
1.85 x 10
-5
8.79 x 10
-4
2.00 x 10
-4
1.49 x 10
-5
9.75 x 10
-4
1.88 x 10
-4
1.40 x 10
-5
9.32 x 10
-4
2.02 x 10
-4
1.47 x 10
-5
9.62 x 10
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Annealed at 250 °C (V = 0 V)

r (nm) Electrode-pair
Device 1

46

Device 2

51

Device 3

38

Device 4

48

WS
SN
NE
WS
SN
NE
WS
SN
NE
WS
SN
NE

dI (A)

dV (V)
-8

2.70 x 10
-8
3.91 x 10
-8
7.14 x 10
-8
2.65 x 10
-8
3.16 x 10
-8
4.67 x 10
-8
2.85 x 10
-8
2.38 x 10
-8
3.11 x 10
-8
3.05 x 10
-8
3.97 x 10
-8
6.22 x 10

-2

2.00 x 10
-2
2.00 x 10
-2
2.00 x 10
-2
2.00 x 10
-2
2.00 x 10
-2
2.00 x 10
-2
2.00 x 10
-2
2.00 x 10
-2
2.00 x 10
-2
2.00 x 10
-2
2.00 x 10
-2
2.00 x 10

R T (Ω)
5
7.42 x 10
5
5.11 x 10
5
2.80 x 10
5
7.55 x 10
5
6.34 x 10
5
4.28 x 10
5
7.02 x 10
5
8.39 x 10
5
6.42 x 10
5
6.55 x 10
5
5.04 x 10
5
3.22 x 10

ℓ (cm)
-4

2.78 x 10
-4
1.85 x 10
-5
8.79 x 10
-4
2.00 x 10
-4
1.49 x 10
-5
9.75 x 10
-4
1.88 x 10
-4
1.40 x 10
-5
9.32 x 10
-4
2.02 x 10
-4
1.47 x 10
-5
9.62 x 10
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