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16.1 Introduction

In a nanowire (NW), the momentum of an electron is confined
in two directions, thus allowing for electron motion only in
one direction (a NW is a one degree of freedom structure and
is often called a one-dimensional nanostructure if its diameter
is less than 100 nm). This reduction in dimensionality results in
dramatic quantum effects dependent on wire material, axis ori-
entation, length, and diameter. These quantum effects in NWs
change the electrical, chemical, and mechanical properties to
name but a few. Thus, NWs exhibit properties and applications
very different from their bulk form. Therefore, they have been
assiduously studied recently by experimentalists and theorists
for their potential applications in electronic devices and sensors.
Investigations for a thorough theoretical understanding of the
structure—property relationship for many NWs and NW devices
are currently in progress across scientific and engineering dis-
ciplines. This research is being carried out on the theoretical
side by a multi-scale approach to the atomic simulation of these
materials. On the experimental side, a careful study of growth,
characterization, and device assembly is ongoing. This chapter
gives a brief introduction to this twofold approach. Ample refer-
ences for further study are also provided. This chapter is divided
into five sections. Section 16.2 briefly reviews an elementary
NW model derived from the steady-state (time-independent)
Schrodinger equation. The aim of this section is to show the pro-
found effect dimensionality has on the electronic properties of a
nanostructure. Section 16.3 reviews some Ge NW growth exper-
iments and measurements of Ge NW properties. The electrical,
optical, mechanical, and surface properties of Ge NW along with
their applications are dealt with briefly in Section 16.4. Section

16.5 introduces some of the simulation methods used to study
NWs and describes their capabilities and limits and Section 16.6
forms the conclusion.

16.2 Conceptual Theoretical
Model for Nanowires

In this section, we will work with a fundamental equation
of quantum mechanics—the time-independent Schrédinger
equation (TISE), for the energy eignenfunction y(x,y,2) of the
electron and its solutions in different dimensions. Effects of these
solutions on the electronic properties of NWs will be elucidated.
This section is heavily influenced by the presentations in the arti-
cles by Harrison (Harrison 1999) and Chen (Chen and Shakouri
2002), which are valuable for exploring this topic further. The
three-dimensional (3D) TISE for a constant effective mass is

2

e Vz\u(x,y,z) +V(x, y,2)¥(x,y,2) = E Y(x,y,2)

with & = h/(2m), (16.1)

where
h is the universal Planck’s constant
E is the energy
m* is the effective mass of the electron

Assuming in the plane dispersion and axis of the wire along the
x axis that the total potential V(x, y, z) can be written as a sum of
a two-dimensional (2D) confinement potential and a potential
along the axis of the wire

16-1
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V(x,9,2)=V(x)+V(y,2), (16.2)
and eigenfunction can be written as
W(x, ,2) =W () ¥(y,2). (16.3)

By substituting Equations 16.2 and 16.3 in Equation 16.1, we get

2

—L{\V()’,Z)

2m*

0*y(x)
ox’

0*y(y,z2)
0z

*y(y,2)
dy’

() +y(x)

+W(x)V(y,2)y(y,2) +y(x) V(x)y(y,2z)

=y(x)(E, +E,.) W(y,2). (16.4)

Associating the kinetic and potential energies on the left-hand
side of Equation 16.4 to the corresponding energies on the
right-hand side and realizing that V(x) = 0 (meaning there is
no potential gradient along the wire axis), yields two decoupled
equations:

n *y(x)
— =E R 16.5
9 W(x) (16.5)
and
R | w(y,2)  dw(y,2)
_zmx- a)/Z azz +V()’)Z)\V()”Z):Ey,z‘l!()’,z)-
(16.6)
The solution to Equation 16.5 is
212
E,= ke ; (16.7)
2m*

Here k, is any real number.

Equation 16.6 is the Schrodinger equation for a 2D confine-
ment potential in NWs. The solution to this for different wire
shapes is more involved but could be simplified by making some
assumptions. Assuming an infinitely deep rectangular NW as
shown in Figure 16.1, and taking the potential inside the wire to
be zero and the potential outside to be infinity changes Equation
16.6 inside the wire to

G [azw(y,z)+82\|/(y,2)

=E AN 16.8
2m* 9y’ 0z* :| y¥(2) 3]

Outside the wire, the eigenfunction y(x, y, z) = 0, since the poten-

tial is infinite. Using separation of variables

v(y,2) =y (y)y(z), (16.9)

Handbook of Nanophysics: Nanotubes and Nanowires

FIGURE 16.1 Infinitely long rectangular nanowire with the poten-
tial inside taken to be V = 0 and outside as infinity. (Adapted from
Harrison, P., Quantum Wells, Wires and Dots, John Wiley & Sons, West
Sussex, U.K., 1999.)

and substituting Equation 16.9 in Equation 16.8 and assigning
the proper energies along the different axes, yields two decou-
pled equations again:

h ow(y)

” =B 1 16.10
ey W) (16.10)
R 9*y(z)

- =5 , 16.11
e JW(2) (16.11)

The solutions for Equations 16.10 and 16.11 with the origin ata
corner and the wire dimensions shown in Figure 16.1 is

y(y)= \%sin(nzy ] y(z)= \/%sin(n;zz), (16.12a)

where 1, and n, are restricted to be positive integers with com-
ponents of energy as

e
7 2m¥ Lzy

22 2
_ h mn;
Foo2mrI

(16.12b)

The condition that the eigenfunction be zero at the boundary
of the wire leads to the quantization of these energy values
through the integers n, and n,. So spatial charge density distri-
butions that are proportional to |y(y,z)|? are described by two
principal quantum numbers, 7, and n,, as seen in Equation
16.12a. Thus, the confinement energy decreases as the size of the
NW increases, due to the presence of the L terms in the denomi-
nators in Equation 16.12b. We emphasize that these energies are
quantized as a consequence of the integer values n, and n,.

16.2.1 Density of States

The electronic density of states (DOS) D(E) is the number of
states per unit of energy per unit of volume of real space and is
an important quantity. This quantity primarily determines many
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physical and chemical properties of materials. It gives us the
number of possible energy states, like the ones shown in Equation
16.12, which are allowed to be occupied by electrons. Thus

dN

DPE)=—.

16.13
e (16.13)

N is sometimes called the cumulative or total density of states
upto an energy E. For bulk material, the three degrees of freedom
for electron momentum maps out a sphere in k-space. In quan-
tum wells with two degrees of freedom, the electron momenta
fill successively larger circles. For a NW with just one degree of
freedom, the electron momenta then fill states alongaline. So in
one dimension (1D), the total number of states, N'P, is equal to
the ratio of the length of the line in k-space (2k, for positive and
negative values of k) to the length occupied by one state divided
by the length in real space, which is L. The factor 2 in the equa-
tion accounts for spin degeneracy (i.e., the up and down spin
allowed for each electronic state).

N'P =2(2k) (i] (%) = %

The density of states for NWs can then be derived as

(16.14)

dN'®  dN'® dk
DE)P=——= - 16.15
() dE dk dE ( )
From Equation 16.7,
1o
dk_(2m* Y E? (16.16)
dE I 2

Differentiating Equation 16.14 with respect to k and substituting
the result and Equation 16.16 in Equation 16.15 yields

-1

L, =b

2m* \2 E2
D(E)"® = ——
(&) (h) :

Similar calculations may be carried out in 0 dimension (0D; i.e.,
fora quantum dot), 2D, and 3D. Table 16.1 shows the dependence

TABLE 16.1 Density of States for 1D,
2D, and 3D Nanostructures
Dimensionality Density of States, D(E)
301
*\2 2
3D el
n ) 2m?
2m* ' E°
2D —
( n ) 2n
i =
* 2
1D o )2 ol
h T
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FIGURE16.2 Density of states of different nanostructures compared
to bulk material. (Adapted from Chen, G. and Shakouri, A., J. Heat
Transfer T ASME, 124, 242, 2002.)

on energy of the DOS for different dimensionalities. Similar data
showing how the density of states changes from bulk (3D), to
2D, 1D, and 0D nanostructures are shown in Figure 16.2. The
profound effect of dimensionality is clearly seen in Figure 16.2
and is one of the main reasons for the interest in nanostructures
in general and nanowires in particular for electronic and opti-
cal device applications. While the DOS is continuous for 3D
structures, for 1D or NWs it has sharp spikes at different band
edges. This leads to strong signals in many optical and electronic
measurements at these energies. Similar effects influence the
chemical bonding and mechanical properties of NWs due to the
confinement of electrons in 2D.

Having briefly explored one of the motivations for NW appli-
cations, we now turn our attention to their synthesis in a labora-
tory. We now focus our attention mostly on germanium N'Ws for
the remainder of this chapter.

16.3 Growth of Ge Nanowires

NWs are most commonly grown via the vapor-liquid-solid
(VLS) process (Wagner and Ellis 1964). The VLS process, first
proposed in the early 1960s for the growth of Si wires using
Au (Wagner et al. 1964b, Wagner and Doherty 1966, Wagner
1967a,b), involves the dissociative adsorption of material from
the vapor phase via a low-melting alloy liquid as a catalyst.
The preferential incorporation of the material at the solid
substrate-catalyst liquid interface leads to growth in the form
of cylindrical pillars or “wires.” A schematic of the wire growth
process is shown in Figure 16.3. In this process, the wire length is
determined by the growth flux and the deposition time while the
wire diameter is controlled by the catalyst size. Using VLS, wires
as long as a few millimeters and as narrow as a few nanometers
wide, have been grown (Cui et al. 2001, Park et al. 2008). To date,
a wide variety of materials (elemental metals, semiconductors as
well as compound arsenides, borides, carbides, nitrides, oxides,
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Binary

FIGURE 16.3 Schematic of vapor-liquid-solid process. Au is shown
in panel (1), half-circles in panel (2), and (3) at the top of the wires are Au
catalysts. Bottom region is the substrate. (Adapted from Kodambaka, S.,
Tersoff, J., Ross, M.C., and Ross, F.M., Proc. SPIE, 7224, 72240C, 2009.)

phosphides, selenides, sulphides, and tellurides) have been
successfully grown in the form of whiskers or NWs using this
technique (Givargizov 1978). Readers are encouraged to refer to
the article by Givargizov (1987) for an excellent review of the
entire list of materials grown, methods employed, catalysts, and
growth parameters used.

Interest in the semiconducting NWs stems from their poten-
tial for applications in a wide variety of areas ranging from
opto- and nano-electronics to chemical and biological sensors
(Haraguchi et al. 1992, Duan et al. 2000, Cui and Liueber 2001,
Bjork et al. 2002, Gudiksen et al. 2002, DeFranceschi et al. 2003).
More recently, Si and Ge NWs have attracted considerable atten-
tion owing to their significantly enhanced energy storage and
energy generation properties (Tian etal. 2007, Boukai et al. 2008,
Chan et al. 2008a,b, Hochbaum et al. 2008). Here, we focus on
the Au-catalyzed growth of Ge NWs and the influence of growth
parameters such as substrate temperature, source flux, and cata-
lyst state (solid or liquid) on the morphological and structural
evolution of the NWs.

The growth of Ge using Au was first reported four decades ago
(Wagner et al. 1964a) and more recently using other metals such
as Ti (Wan et al. 2003), Ni (Tuan et al. 2005), and Mn (Lensch-
Falk et al. 2007). It is interesting to note that the Au-catalyzed
VLS growth of Si occurs at temperatures T that are above the
bulk Au-Si eutectic temperature T; = 363°C (Okamoto and
Massalski 1986) while Au-catalyzed Ge wire growth has been
reported to occur at T as low as 260°C (Miyamoto and Hirata
1975, Wang and Dai 2002, Kamins et al. 2004, Adhikari et al.
2006, Jin et al. 2006) i.e., ~100K below the bulk Au-Ge eutec-
tic temperature Ty = 361°C (see Figure 16.4) (Okamoto and
Massalski 1986).

However, until recently, the exact growth mechanisms were
not clear. This is because most existing studies focused on post-
growth characterization to determine the growth processes.
While ex situ characterization is essential for the determination
of chemical composition, interface structure, and wire morphol-
ogies, inference of the growth mechanisms from such data is
difficult. In situ observations permit the direct determination of
the growth rates and hence the kinetics and help identify several
aspects of the VLS growth process that have not been previously
discussed.

In this section, we review the recent in situ transmission elec-
tron microscopy (TEM) studies of Ge NW growth kinetics as a
means of developing a fundamental understanding of their growth
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FIGURE 16.4 Au-Ge phase diagram. (Adapted from Okamoto, H.
and Massalski, T.B., Binary Alloy Phase Diagrams I, ASM International,
Gaithersburg, MD, 1986.)

mechanisms. TEM images of the wires and the catalyst droplets
are collected at video rate as a function of the growth pressure,
temperature, and gas environment. From the images, the wire
growth rates were measured, the catalyst states were identified,
and the rate-limiting steps were determined. Ge wire growth, as
shown in the following sections, occurs in the presence of a lig-
uid catalyst at temperatures below the bulk AuGe alloy eutectic
temperature. This liquid phase, key to the successful growth of Ge
wires, is found to be stable only at high Ge concentrations.

All the experimental results pertaining to Ge NW growth
experiments were carried out at the IBM T. J. Watson Research
Center in a multi-chamber UHV (base pressure 2 x 1071 Torr)
transmission electron microscope (300kV Hitachi H-9000 TEM)
equipped with in situ physical and chemical vapor deposition
(CVD) facilities. First, Si(111) wafers (miscut < 0.5°) were sliced
into 1.5 x 4 x 0.5 mm sections, cleaned chemically, and mounted
in the TEM with the polished surface vertical. The samples were
degassed in the UHV at 600°C for 2h followed by annealing at
1250°C for 30-60s. Au thin films, 2-3 nm thick, were deposited
at room temperature by thermal evaporation from a Knudsen
cell at a rate of 3x10nm/s onto the samples in a preparation
chamber at a base pressure of 2 x 108 Torr during the deposition.
These Au-covered Si(111) samples were then transferred under
the UHV to the TEM chamber and wire growth was initiated by
resistively heating the samples in a gas mixture (purity 99.999%)
containing 80% He and 20% of digermane (Ge,Hy) for the growth
of Ge NWs, respectively. Prior to deposition, the samples were
first annealed in vacuum at ~400°C for 5min and then cooled
to the growth temperatures T < 350°C. As soon as the samples
are heated, eutectic droplets form and act as the catalysts for the
formation of individual wires. NW growth is initiated beneath
these eutectic droplets and the wires grow away from the sur-
face, most of which are perpendicular to the substrate and hence
are imaged with the electron beam perpendicular to the wire
axis. Individual wires can be observed in bright or dark fields in
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transmission mode, and the effects of the pressure, temperature,
and gas environment can be observed directly.

Ge wires are observed to grow at Ge,H, pressures P> 9 x 107 Torr
and temperatures between 300°C and 380°C. The maximum pres-
sure in these experiments is limited to 10-5 Torr by the design of
the TEM. The gases are leaked continuously into the microscope
column to ensure a constant pressure during wire growth. Under
these conditions, (111)-oriented Ge wires that are several hundreds
of nanometers long can be grown for times between 1 and 6 h. TEM
images are acquired at video rate (30 frames/s). Wires grown under
continuous, as well as intermittent, electron beam irradiation
exhibit similar growth rates indicating that the electron beam does
not affect the wire growth kinetics. Substrate temperatures are mea-
sured before and after the deposition using an infrared pyrometer.
After growth, the surface can be cleaned by heating to 1250°C, so
that a series of growth experiments can be carried out on the same
sample in one area. For such a series, the relative temperature can
be measured to within 20K, while for different samples the mea-
surement uncertainties in absolute temperature are ~50 K.

In these experiments, the Ge,H, pressure range accessible for
growth was between 1x 107 and 1x 10-5 Torr. Sustained epitax-
ial growth of the (111)-oriented single-crystalline Ge wires was
observed at 250°C < T < 400°C. In contrast to Si, Ge wires are
bounded by smooth sidewalls. Figure 16.5 is a typical bright field
TEM image of Ge NWs obtained during deposition at T = 330°C
using 4.8 x 10~ Torr Ge,H,.

Note that the wire tips show smoothly curved catalyst par-
ticles indicative of the liquid phase and suggest that the Ge wires
grow via the VLS process. This is an important observation since
Ty = 361°C for AuGe alloy (see Figure 16.4) while liquid droplets
are observed at T'= 330°C.

In order to understand the Ge wire growth kinetics, a series
of experiments were carried out while systematically varying
the substrate temperature and Ge,H, pressure during growth.

’

100 nm
s o —

FIGURE 16.5 A typical bright-field TEM image obtained from a
Si(111) sample during the VLS growth of Ge nanowires. Most wires
grow epitaxially in the (111) direction. (Adapted from Kodambaka, S.
Tersoff, J., Ross, M.C., and Ross, F.M., Proc. SPIE, 7224, 72240C, 2009.)
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In one such experiment, the effect of the substrate temperature
on the AuGe catalyst state was studied during wire growth ata
constant Ge,H pressure. Solidification of the droplets occurred
at temperatures far below (~100K) T; and required signifi-
cantly higher temperatures (>400°C) to re-establish the liquid
phase. This hysteresis in the solid-liquid phase transformation
is seen in all Ge growth experiments and for wires with a range
of diameters (20-140 nm). Interestingly, the wires continue to
grow even after the catalyst particle has solidified, i.e., via the
vapor-solid-solid (VSS) process. Measurements made on sev-
eral wires showed that VSS growth is 10-100 times slower than
VLS growth at the same Ge,H; pressure and temperature, pre-
sumably due to weaker surface reactivity and/or lower diffusivity
through the solid. Both VLS and VSS growth were observed to
occur simultaneously on neighboring wires in some instances.
All the wires, irrespective of the growth mode, are crystalline
and the only obvious difference between the growth modes is
that VSS process yields more tapered wires owing to their rela-
tively slower growth rates. This demonstration of dual growth
modes may be relevant to the controversy regarding the role
of VSS and VLS growth in other systems (Persson et al. 2004,
Harmand et al. 2005).

The growth experiments carried out while varying Ge,H;
pressure at a constant substrate temperature showed that a sig-
nificant Ge,H, pressure appears to be essential for stabilizing the
liquid state below T,. Whenever the Ge,H, pressure is reduced
during VLS growth, the solidification of catalyst droplets was
observed (see Figure 16.6).

Here, the first image shows a typical VLS-grown Ge wire.
In this experiment, growth was initiated using 4.6 x 10-¢Torr
Ge,Hg and continued at pressures >1.1 x 10~ Torr for ~78 min.
The Ge,H pressure was then reduced to 2.8 x 107 Torr while
maintaining a constant temperature. Within 681s, the drop-
let abruptly solidifies. The fact that the droplets can solidify
confirms that the temperature is definitely below the bulk L
independent of any uncertainties in temperature calibration.

679 s

681 s

FIGURE 16.6 Representative bright-field TEM image series showing
the solidification of AuGe catalyst on top of a Ge wire when the Ge,H
pressure is reduced during growth at a constant temperature T'=340°C.
In this experiment, Ge,H, pressure was dropped from 1.1 x 10-6Torr to
2.8x107Torr at t = 0. (Adapted from Kodambaka, S., Tersoff, J., Ross,
M.C., and Ross, F.M., Proc. SPIE, 7224, 72240C, 2009.)
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FIGURE 16.7 Plots of aspect ratio (top curve) of a AuGe eutectic
droplet on top of a Ge wire (diameter = 59nm) and Ge,H, pressure
(bottom curve) vs. tat T=355°C. The data is acquired from a TEM video
sequence as the pressure is cycled repeatedly between 1.9 x 10-¢ Torr
and 8.4 x 10~ Torr. Aspect ratio (h/d) is defined as the ratio of the height
h and the base width d of the droplet as labeled on the TEM image.
(Adapted from Kodambaka, S. et al., Science, 316, 729, 2007.)

This behavior is typical of all droplets observed, although the
exact time delay between smaller and larger droplets depends on
the growth history and in some cases can be as long as several
tens of minutes.

In order to understand the role of Ge,H; pressure on the drop-
let state, shapes of AuGe droplets were measured during wire
growth as a function of Ge,H; pressure at a constant T. Figure
16.7 is a typical plot of the aspect ratio of a droplet as the pres-
sure is varied repeatedly between higher and lower values.

Although the changes are small, note that when the Ge,H,
pressure is decreased, the aspect ratio decreases and when the
Ge,H; pressure is increased, the aspect ratio increases. Clearly,
the droplet shape is varying with Ge,H, pressure, suggesting
that there are observable changes in surface energy with pres-
sure (Kodambaka et al. 2007). All the above observations suggest
that the liquid phase may be effectively stabilized against solidi-
fication by Ge supersaturation, which arises from the growth
process (Kodambaka et al. 2007). For more details, the reader is
encouraged to refer to the article by Kodambaka et al. (2007).

In conclusion, in situ TEM experiments enable the quantita-
tive determination of the NW growth mechanisms. In case of
Au-catalyzed growth of Ge NWs, it was found that the AuGe
catalyst state may be either solid or liquid below the bulk eutectic
temperature, with the state depending not just on temperature
but also on the Ge,H, pressure and history. Remarkably, both
VLSand VSS processes can operate under the same conditions to
grow Ge wires. Most surprisingly, a significant Ge,Hj pressure is
essential for growth via the VLS process below the eutectic tem-
perature. Clearly, in situ observations provide valuable insights
into the physical processes controlling the morphological and
structural evolution of NWs and are expected to be general and
applicable to other material systems.

Large-scale fabrication of NW-based devices for the
above-mentioned applications requires precise control over
NW morphology (shape, length, and size), crystalline structure,
chemical composition, and interfacial abruptness. This is an
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extremely challenging task governed by a complex interplay of
the thermodynamics of the materials and the kinetics of nucle-
ation and growth processes. For example, growth orientations of
Ge wires can be varied between (111), (110), or (112) by chang-
ing the growth temperature, precursor, and the growth tech-
nique (Hanrath and Korgel 2005). However, very little is known
concerning the factors affecting the wire orientation (Tan et al.
2002, Borgstrom et al. 2004, Wu et al. 2004a, Schmidt et al.
2005, Wang et al. 2006). Despite several years of research in this
area, none of the following has been achieved, even for relatively
simple elemental Si and Ge NWs: (1) (100)-oriented Si or Ge
wires, (2) Si/Ge heterostructures with atomically-abrupt inter-
faces (Clark et al. 2008), or (3) large-scale synthesis of sub-5nm
diameter wires. Success in the rational synthesis of NWs with
desired architecture can only be achieved through a fundamen-
tal understanding of all the processes influencing the nucleation
and growth.

16.4 Properties of Ge Nanowires

Having looked at the VLS growth of Ge NWs, we turn to their
properties and applications. NWs could be the building blocks
for the post-CMOS era bottom-up assembly of nano devices.
The primary requirements for this new technological era are
compatibility with traditional silicon manufacturing processes
and integration for cost reduction. For this reason, Ge is the front
runner to replace silicon. Ge has a lighter effective mass for the
electron and hole charge carriers than Si implying higher car-
rier mobilities and thus high-performance transistors. Figure
16.8, adapted from the article by Yu (Yu et al. 2006), shows that
bulk Ge has direct (~0.88€V) and indirect (~0.66€eV) band gaps
making it an attractive material for electronic and photonic cir-
cuitry applications. These band gaps can be further tuned for
specific electronic/photonic applications by controlling the wire

300K [E, =066V
E, =12&V
Er =08V
Epp=3.22¢V
AE=0385¢V

E. =029¢eVi

Energy
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/ Heavy holes
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Split-off band

FIGURE 16.8 Band gaps in bulk Ge. (Adapted from Yu, B. et al,
J. Clust. Sci., 17, 579, 2006.)
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dimensions thus giving rise to a myriad of design possibilities.
Some of the quantum effects leading to various properties and
applications for Ge NWs are discussed here.

16.4.1 Structural Properties

For NWs, the surface to volume ratio is very large. This leads to
the surface reconstruction of the atoms in the NW as seen in
Figure 16.9, which shows the simulated Ge NWs with H termina-
tionofthestructuresadapted from Medaboniaetal. (2007). A fter
analyzing bond lengths in these structures, Medaboina et al.
observed that bond lengths between Ge atoms at the surface
were relaxed by ~1%, whereas no relaxation was observed for
atoms in the interior region away from the surface. When the
NWs were allowed to dimerize, it was observed that the atoms
relaxed by ~50% as expected. Cross-sections of wires along
[110] were found to have cylindrical structures for all diam-
eters. Along the [001] and [111] axes, the smaller wires with
diameters d < dc have circular cross-sections. As seen from
Figure 16.9, the critical diameter dc, above which the cross-sec-
tion acquires a faceted shape, lies in the range of 2.0nm < dc <
3.0nm for [001] and [111] axes. The value of dc is determined by
the competition to lower the total energy between the energies
of the different exposed surfaces of H terminated Ge under the
constraint of a fixed volume. Wires along the [001] direction
appear in Figure 16.9 to have a rectangular bonding geometry
rather than the expected square surface arrangement of atoms
in a single [001] surface layer. This expected square arrange-
ment of atoms of a diamond lattice is not made of the nearest
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neighbor atoms. The rectangular structure seen in Figure 16.9
arises because the middle atoms, along the longer side of the
rectangle, are the nearest neighbors of the top layer atoms
and are one layer below the top layer. For larger diameters, d >
dc = 2.15nm wires along [001], cross-sections were found to be
octagonal-shaped with facets of the [001] and [110] type, which
were normal to [001]. For larger diameters, d > dc = 2.11 nm
wires along [111], they were hexagonal-shaped with facets of
the [110] type, which were normal to [111]. Thus, we see that the
arrangement of atoms of a NW cut along a particular direction
depends on its diameter, its axis orientation, and the termi-
nation of its surface. We will see in the following discussion
that the properties of a NW are intimately related to its crystal
structure.

16.4.2 Electronic Properties and Applications

As seen from Equation 16.12, the quantum confinement of elec-
trons (in the NW cross-section) leads to the difference between
successive energy states to increase as NW diameter decreases.
This leads to an increase in the band gap between the filled and
unoccupied electronic energy states, which correspondingly
increases with a decreasing diameter. For example, in InP NWs,
it was found that the band gap E, varies with diameter d of the
wires as E, ~ 1/d'**. Simple particle in box type explanations
(as shown in Section 16.2) though qualitatively adequate, do
not account for this scaling quantitatively (Yu et al. 2003). As
expected from previous theoretical analysis, Figure 16.10 shows
the dependence of the band gap of hydrogen passivated Ge NWs

FIGURE16.9  Cross-sectional views of the relaxed Ge NWs. (a) NWai™* (2.03), (b) NWiigs*"*” (3.03), (c) NW{{Ge % (2.12), (d) NWGe; 133540

001]

001] 110]

18.3), () NW{{T57"%9 (2.11), (f) NW{{3s259% (3.03). Larger circles represent Ge atoms and the outer smaller ones represent the H atoms used to
saturate dangling bonds. Local geometrical patterns corresponding to the axis of the wires are evident: square shapes for [001] axis, hexagonal for
[110], and parallelograms for [111]. (Adapted from Medaboina, D. et al., Phys. Rev. B, 76, 205327, 2007.)
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FIGURE 16.10 Dependence of band gap on the wire diameter and
orientation. (Adapted from Medaboina, D. et al., Phys. Rev. B, 76,
205327, 2007.)

on their diameter and orientation (Medaboina et al. 2007). Band
structures for different Ge NWs (shown in Figure 16.9) as calcu-
lated by Medaboina et al. are shown in Figure 16.11. As expected,
the band structure varies depending on the wire orientation,
diameter, and passivation material. The dispersion of the valence
band for wires with approximately the same diameter is greatest
for wires along [110] and least for wires along [111]. As expected
from a quantum size effect, Figure 16.11 shows the absolute
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value of the valence band maximum decreases in energy and
the absolute value of the conduction band minimum increases
in energy as the thickness of the wire decreases. This leads to an
increase in the electronic band gap with a decreasing NW diam-
eter. The band gap could be either direct or indirect, depending
on the crystallographic orientation. NWs along [110] and thin
(d < 1.3nm) ones along [001] have direct band gaps occurring at
the gamma point. This is different from bulk Ge band structure
as shown in Figure 16.8. Such wires, due to their direct gaps,
would be suitable for applications in optics. Wires along [001]
were found to transit from direct to indirect band gaps as the
diameter increased above 1.3nm, while all wires along [111] had
indirect band gaps. Another important factor used to control
the electronic properties of NWs is doping. Dopants of #- and
p-type in NWs are required for faster and low power consum-
ing logic devices. Doping has been studied in several NWs and
has been used to design inverters, LEDs, and bipolar transistors.
Obtaining good electronic properties for #- and p-channel FETs
is more complicated (Greytak et al. 2004). Band bending caused
by doping Ge NWs has been demonstrated experimentally
(Wang and Dai 2006). Figure 16.12 shows the simulation results
of band structures of doped ~2 nm diameter Ge NWs for a single
wire along each crystallographic direction [001], [110], and [111].
A high level of doping (0.5%-1.5%) obviously has an impact on
the electronic structures of Ge NWs. As shown in Figure 16.12,
adding a p-type (n-type) dopant moves the Fermi energy toward
the valence band (conduction band). The maximum of the
valence band and the minimum of the conduction band increase
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structure along the [111] direction. (Adapted from Medaboina, D. et al., Phys. Rev. B, 76, 205327, 2007.)
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(2.11) are p-type doped wires. (Adapted from Medaboina, D. et al., Phys. Rev. B, 76, 205327, 2007.)

(decrease) in energy with the addition of p-type (n-type) dop-
ant when measured relative to the Fermi level. Figure 16.12 also
shows that the doping of wires does not have a significant effect
on the dispersion of valence and conduction bands. Thus, the
effect of doping on the band structure of hydrogenated Ge NWs
is similar to that in doped bulk Ge. This property would make
Ge NWs suitable for applications that require the tuning of the
NW conductivity by doping.

Ge NW-FETs are ideal for very-low-power circuit appli-
cations. The majority of the published work (Yu et al. 2006)
shows that Ge NW-FETs function at nano- to micro-amperes
on-state current with a large on-to-off current ratio (104-10°).
The switching energy of a single-NW-FET is 3 to 6 orders of
magnitude lower than that of a typical top-down conventional
FET. The standby power is almost negligible due to the pA-level
off-state leakage per NW. These excellent properties make Ge
NW-FETs an ideal nano electric device for micro or nano power

chips with significantly improved power performance tradeoff
(Yu et al. 2006).

16.4.3 Optical Properties and Applications

Germanium’s compatibility with Group III-V materials and
germanium oxide’s optical properties allow for the realiza-
tion of radical integrated optoelectronic circuitry designs.
Photoluminescence (Canham 1990, Duan et al. 2000, Katz et al.
2002) data revealed a substantial blue shift with a decreasing size
of NWs. It has also been shown recently that Ge NWs could be
used in optoelectronic components fabricated within silicon-
based technology (Halsall et al. 2002). Optical properties of
NWs also mainly depend on the size of the wire, orientation of
the wire (Bruno et al. 2007), and passivation material and dop-
ing utilized (Wu et al. 2004b). As explained earlier, the band
gap and band structure change with wire size and orientation
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leading to numerous ways of obtaining a particular optoelec-
tronic functionality. The simulation of optical properties of NWs
becomes expensive if the proper incorporation of many body
effects like self energy, local field, and excitonic effects are taken
into account correctly (Bruno et al. 2005). Ge NWs of diameters
in the range of 0.8 nm have the main absorption peak in the vis-
ible range (Bruno et al. 2007), which could lead to an efficient
application of Ge NWs in optoelectronic devices when com-
pared with Si NWs. Already, Ge NW-based nano devices like
solar cells, magnets (Alguno et al. 2003), and FETs (Wang et al.
2003) have been characterized.

16.4.4 Mechanical Properties and Applications

Mechanical stability: The high surface to volume ratio of
NWs gives them interesting mechanical properties, as well.
For example, simulations on Au NWs show that a spontaneous
transition from face centered cubic (fcc) to body centered tet-
ragonal (bct) structure occurs in {001) oriented gold (Au) NWs
or cross-sections less than 4nm? The simulations showed no
transitions when the wires were oriented along (111) or (110)
directions (Diao et al. 2003). It may be speculated that similar
phenomena driven by surface reconstruction may cause struc-
tural phase transitions into the interior of Ge NWs. However,
there has been no such observation to date.

Mechanical strength: If NWs are to be used as building blocks
in nano devices, their mechanical properties need to be char-
acterized for avoiding mechanical failure. With current NW
production techniques, NWs can be grown as single crystals
with the absence of any structural defects such as point or line
defects. This sometimes leads to the high mechanical strength
and stiffness of NWs close to their theoretical single crystal limits
(Wong et al. 1997, Diao et al. 2003, Kis et al. 2003).This property
makes them attractive for use in composites and nano-electro-
mechanical devices. Many test set-ups have been used to char-
acterize the mechanical properties of NWs. Figure 16.13 shows
the most commonly used clamped beam experimental set-up for
lateral loading of the Ge NW bending test using a atomic force
microscope (AFM). Despite the widespread use of the clamped
beam configuration, a comprehensive model that accounts for the
detailed shape of these force-displacement (F-d) curves over the
entire elastic region is yet to be described and validated for NW
systems. Heidelberg et al. (2006) provides a method for the com-
plete description of the elastic properties in a double-clamped
beam configuration over the entire elastic regime for diverse
wire systems. This method can be used to perform a comprehen-
sive analysis of F-d curves using a single closed-form analytical
description. It can be applied to extract linear material constants
such as the Young’s modulus (E) and to describe the entire elastic
range and hence to identify the yield points for dramatically dif-
ferent systems of NWs. The same set-up and theory have been
used for tests on Ge NWs (Ngo et al. 2006) of sizes between 20
and 80 nm. These tests revealed that the bulk moduli of NWs is
comparable with that of bulk Ge but their mechanical strength
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FIGURE 16.13 Schematic of the lateral nanowire manipulation
experiment setup: (a) before manipulation, (b) during manipula-
tion. The nanowire under investigation is suspended over a trench in
the substrate and fixed by Pt deposits at the trench edges. During the
manipulation the lateral and normal cantilever deflection signals are
simultaneously recorded. (Adapted from Heidelberg, A. et al.,, Nano
Lett., 6, 1101, 2006.)

is closer to the theoretical value for pure bulk Ge and is sub-
stantially greater than the mechanical strength of any whisker
semiconductor. Simple bending stress analysis on the clamped-
clamped beam system shows a linear variation of displacement
with force (Heidelberg et al. 2006). This cannot explain the non-
linear behavior seen in Figure 16.13. As the NW is displaced, an
axial tensile force is inherently induced due to the stretching of
the N'W. This force affects the total stress experienced by the NW,
leading to an enhancement of its rigidity and thus non-linearity
of the F-d curve. The curve fit to the elastic deformation plot using
the closed-form solution (Heidelberg et al. 2006) gives a Young’s
modulus of 137.6GPa and a fracture strength of 17.1GPa. An
important observation is that the Ge NW breaks without plastic
deformation, revealing its brittle nature.

16.4.5 Surface Chemistry and Applications

Two commonly occurring adsorbents for Si and Ge surfaces
are hydrogen and oxygen. An adsorbent layer on a surface can
significantly affect the surface reconstruction and also lead
to faceting or de-faceting transitions of the surface. Density
functional theory (DFT) computations (Mingwei et al. 2006)
show that the passivation of Ge NWs with more stable ethine
reduces the quantum confinement effects when compared with
that of Ge NWs passivated with hydrogen. NWs have been
thought to be the active elements in sensing devices because the
large surface area is believed to cause the sensitive dependence of
electronic properties on changes in surface adsorption by differ-
ent chemical species (Wang and Dai 2006). Ge NWs along [111],
which have facets of [110] and [100] types have been studied
(Medaboina et al. 2007) by changing the surface hydrogen con-
centration. This orientation has the tendency of the unhydroge-
nated facets to dimerize. Hydrogen atoms were removed from
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the surface of relaxed wires. Band structures of these wires were
found to have electronic states with energies lying in the middle
of band gap due to the occurrence of unpaired electrons on the
surface of the NW after the removal of H atoms. This change
in the electronic properties with a change in hydrogen concen-
tration for wires along [111] could be potentially exploited in
sensing applications, due to the disappearance of the band gap,
which would cause a significant increase in electronic conduc-
tion. Synthesized Ge NWs could be oxidized when exposed to air
forming Ge/GeO, surfaces leading to the high density of surface
states causing appreciable Fermi level pinning (Kingston 1957).
This oxidation phenomenon is more severe for small wires.
So Ge NWs have to be chemically passivated with appropriate
adsorbents to avoid the degradation of their electronic proper-
ties. Band bending could occur in Ge NWs due to the pinning
of Fermi level at surface states (Wang et al. 2004, 2005). Band
bending due to surface oxidation of Ge NWs has been explored
by Wang and Dai (Wang and Dai 2006).

16.5 Simulation Methods

The grand challenge of producing complex nanodevices by ele-
mentary nano building blocks still faces several hurdles. NWs
due to the nano-length scale along one axis also show properties
intermediate between bulk and single atoms. This broken sym-
metry means quantum mechanical computations are expensive
and a multi-scale approach is necessary. A thorough theoreti-
cal understanding of the properties of nano structures involves
understanding the issues of their symmetry, lower dimensional-
ity, size, and chemical composition. Computational techniques
are very useful to deal with the multiplicity of these parameters.
Table 16.2 lists some of the simulation methods that have been
commonly used to characterize nanostructures. All these theo-
retical techniques attempt to solve complex body problems arising
due to the interaction between different atoms. Moving down the
table increases assumptions employed in the theory thus simplify-
ing the model and decreasing the fidelity of the result, the advan-
tage being reduced computational cost. The simulation method
that would yield the best results in a reasonable amount of time
differs from case to case and is entirely at the discretion of the
user. For the interested reader, Martin (2004) gives additional
information of these simulation methods. Quantum Monte Carlo
(QMC) simulations approximate the many electron solutions bya

TABLE 16.2 Hierarchy of Computational Simulation Methods
Used for Studying Nanostructures

Quantum Monte Carlo (QMCQC)

GW

Time dependent density functional theory

Time independent density functional theory (DFT)

Tight binding (TB)

Classical molecular dynamics (MD)

Note: Going down the column increases the physical assumptions in
the input parameters, but yields computation-time savings leading to
large scale simulations.
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wave function obtained from Monte Carlo methods. Many types
of QMC (Hammond et al. 1992) techniques are available for vari-
ous applications. These simulations are very expensive and so are
limited to few tens of atoms. In DFT, the many-electron system is
approximated by functionals that depend on spatial electron den-
sity. DFT (Thomas 1927, Hohenberg and Kohn 1964, Kohn and
Sham 1965, Parr and Yang 1989, Fiolhais et al. 2003) has been a
workhorse in condensed matter physics with comparatively less
computational expense than QMC. After the exchange and cor-
relation interaction effects were added to DFT (Kohn and Sham
1965), it has also been used in computational chemistry with
improved results. Some of the disadvantages of DFT include the
difficulty of accounting for the exchange and correlation effects in
strongly correlated materials like high temperature superconduc-
tors. Specifically as related to NWs, DFT methods do not account
correctly for electron-hole interactions that could become appre-
ciable for small NWs (Bruno et al. 2007). In tight binding (TB)
methods (Turchi et al. 1997, Slater and Koster 1954, Ashcroft
and Mermin 1976, Goringe et al. 1997), the Hamiltonian of the
many-body system is approximated as the Hamiltonian of an iso-
lated center at each lattice point and the resultant atomic orbit-
als are assumed to become localized within a lattice constant.
These assumptions make the computational solution to larger
systems with many atoms less expensive. In classical molecular
dynamics (MD) simulations, the many atom problem is approxi-
mated by a potential or force field between atoms or molecules.
MD (McCammon and Harvey 1987, Haile 2001, Oren et al. 2001,
Schlick 2002) is generally used when interaction effects between
thousands of atoms or molecules are of interest. It is very com-
monly used in large material systems and bio-molecule (or large
protein) simulations.

16.6 Conclusions

We have shown a rudimentary theory connecting the physical
dimensions of a NW to its properties. We have described state-
of-the-art Ge NW growth techniques. TEM characterization of
the growth process was reported. A brief overview of the effect of
Ge NW diameter, orientation, passivation, and doping on surface
reconstruction, band gap, and band structure has been provided.
The resulting electrical, optical, mechanical, and surface proper-
ties have been explained and their applications have been cited.
Different nanoscale simulation techniques used for the numerical
analysis of NW were briefly listed. Ge NWs have a considerable
potential for next generation microelectronics, photonics, and
nanodevices owing to their high carrier mobilities, tenability of
their band gaps, and recently discovered high mechanical strength
at NW scales. This chapter should serve as a quick reference for Ge
NW growth methods, properties, and applications.
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