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Abstract

This thesis presents a systematic study of the electrical transport in GaN nanowires.
Particularly, the effect of the surrounding dielectric on the conductivity of GaN
nanowires is experimentally shown for the first time. Our GaN nanowires are grown
by catalytic vapor growth methods, specifically hydride vapor phase epitaxy (HVPE)
and chemical vapor deposition (CVD). TEM and XRD studies indicate that both of
our HVPE and CVD grown GaN nanowires have the wurtzite single crystal structure.
The crystal orientations along the wire axis are (1000) and (1010) for our HVPE and
CVD grown nanowires, respectively. The mean diameters are 200 nm and 46 nm
for the HVPE and the CVD grown nanowires, respectively. CVD GaN nanowires
with three different surrounding configurations are prepared to study the effect of
the surrounding dielectric. The GaN nanowires are either laid directly on a SiO,/Si
substrate, or freely suspended between metal contacts, or embedded in SiO;. The
conductivity is measured as a function of temperature, nanowire diameter, and the
surrounding dielectric. The donor ionization energies are extracted from the temper-
ature dependence of the conductivity. In all cases, two sets of the activation energies
are obtained. One set of these activation energies shows an inverse dependence on
nanowire radius and the other set is found to be independent of the radius. The
inverse radius dependence of the activation energy is explained by the polarization
charges, which are induced by the donor ions, at the interface between the nanowires
and their surroundings. This so-called dielectric confinement is found to have a sub-
stantial effect, more than the quantum confinement effect, for GaN nanowires with
diameter larger than 10 nm or so. The radius-independent activation energy is found
to be due to the impurity band conduction near the surface.

We also successfully fabricated nanowire field-effect transistors (FETSs) using both
HVPE and CVD grown GaN nanowires. For the thinnest CVD grown nanowires,
complete control of the carrier density was achieved. The field-effect mobility of the
CVD grown GaN nanowires is estimated to be ~ 18 cm?/V's, which is more than an
order of magnitude smaller than that of the bulk GaN. A redshift of the near-band-
edge emission in the room-temperature photoluminescence measurements of the CVD
grown GaN indicates a high impurity concentration. The metallic approximation
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using a capacitor model shows the carrier density to be ~ 4 x 10**cm™. Reduction
of the background impurities is expected to decrease the scattering from the ionized
impurities and to improve the carrier mobility and switching behavior of the nanowire
FETs.

Thesis Supervisor: Venkatesh Narayanamurti

Title: John A. and Elizabeth S. Armstrong Professor and Dean of the School of
Engineering and Applied Sciences, and Professor of Physics

Harvard University

Thesis Supervisor: Mildred S. Dresselhaus
Title: Institute Professor of Electrical Engineering and Physics
Massachusetts Institute of Technology
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Chapter 1

Introduction

1.1 Motivation

In the field of solid-state physics, the advancement of materials growth and physics
seems to progress hand in hand. For example, the experimental observation of the
Quantum Hall Effect in the 2D electron gas in 1980 [5] wasn’t possible until the science
of crystal growth was mature enough to produce a material with a high chemical
purity and a nearly perfect crystal structure. The present capability to grow a nearly
perfect crystal and to do high resolution lithography opened up a new exciting branch
of physics. The study of quantum effects in reduced dimensional system has been an
active field of research for more than two decades now. In a structure where one or
more dimensions is comparable to or smaller than the Fermi wavelength, or the elastic
scattering length of the carriers, or both, quantum effects, such as electron interference
and diffraction effects, can be observed. Another interesting reduced dimensional
system is the 0D quantum dot system. A quantum dot is a small box about 100 nm
on a side with a tunable number of electrons and is often nicknamed an “artificial
atom” [6, 7, 8]. A quantum dot became an ideal testing bed for quantum mechanics
and the effects of electron-electron interactions because of the ability to readily tune
the relevant parameters in the quantum dot. In addition to semiconductor quantum
dots, large molecular structures, such as carbon nanotubes [9, 10] and Cgp buckyballs

[11] were used to study quantum phenomena in reduced dimensional systems.
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In addition to the desire to study quantum physics in small structures, there has
been a need to miniaturize electronic devices. The advantage of smaller devices in-
cludes a higher density of integration, faster response, lower cost, and less power
consumption. The growing needs for faster computer processors and high-density
memory devices have been driving the microelectronics industry to decrease the size of
the individual circuit components by pushing the limits of current silicon-based tran-
sistor technology, such as silicon-on-insulator, vertically stacked three-dimensional
transistors, and thinner dielectric insulators with a higher dielectric constant. The
advancement of the silicon transistor technology relies on the top-down approach,
where the size of a component is set by lithographic limitations. The lithographic
limitations are fundamentally set by the optics, and practically by the cost of improv-
ing optical systems. Eventually the cost of reducing the size of devices will exceed
the economic gain from a new line of devices and this prediction prompts an entirely

new approach to fabricating smaller devices.

The recent surge of research activities to synthesize nanostructured materials
chemically is largely due to the aforementioned impending limitation of the current
top-down approach. One example is the discovery of carbon nanotubes by lijima in
1991 [12]. A carbon nanotube is a graphene sheet wrapped seamlessly into a cylin-
der. The diameter can vary from ~1nm for single-walled nanotubes to ~10nm for
multi-walled nanotubes. Due to the near atomic size of carbon nanotubes, there
have been various reports of novel phenomena such as ballistic conduction [13, 14],
coulomb blockade effects [9, 10], single electron tunneling, and spin-charge separa-
tion, known as the Luttinger-liquid [15]. Even though a carbon nanotube is a fas-
cinating material, its application to electronic devices is limited due to two major
drawbacks. First, nanotube growth yields either a metallic or semiconducting tube
depending on its diameter and helicity [16, 17]. Therefore, the selective growth of
carbon nanotubes does not seem feasible at this time. Secondly, the controlled dop-
ing of semiconducting nanotubes is not viable. However, semiconducting nanowires
don’t suffer from these constraints on carbon nanotubes [18]. Besides being semi-

conducting, nanowires are also reported to display mechanical robustness [19], higher

22



luminescence efficiency [20], lowered lasing threshhold [21], and enhanced thermoelec-
tric performance [22, 23, 24]. These attractive traits give semiconducting nanowires
potential advantages for advanced materials for the next generation of devices.

The GaN nanowire is our choice of a nanostructured material for detailed study
because of its potential applications in nanotechnology. Due to its wide bandgap (3.4
eV for bulk wurtzite GaN at 300 K), GaN is a key material for a UV /blue laser diode
used in high-density optical drives (DVD player/recorder) and high-power/speed tran-
sistors. Further, a GaN nanostructure can potentially have even superior device per-
formance relative to devices based on bulk GaN;, such as an enhanced optical efficiency
and a lowered lasing threshold due to the quantum confinement effect.

There are two basic questions which this thesis tries to answer: (1) What are the
device characteristics of GaN semiconducting nanowires ? What limits their device
performance? What can be done to improve their device performance? (2) What do
the electronic properties of nanowires depend on? How does the size of a nanowire
affect the electronic properties of a nanowire in the mid-size range (20 nm ~ 100 mn)?

How does the surrounding dielectric affect the electronic properties of nanowires ?

1.2 Overview of the Thesis

Chapter 2 tries to provide the necessary background material on the physics of semi-
conductor nanowires, and discusses vapor-liquid-solid (VLS) synthesis of a semicon-
ductor nanowires, the modeling of a field effect transistor based on a nanowire, the
crystal structure and electronic band structure of GaN nanowires, and the dielectric
confinement effect in semiconducting nanostructures.

Chapter 3 covers the experimental methods used in the study of semiconductor
nanowires. The actual synthesis methods used in this work, namely hydride vapor
phase epitaxy (HVPE) and chemical vapor deposition (CVD), are described in de-
tail. The grown nanowires are crystallographically and chemically characterized by
transmission electron microscopy (TEM) and scanning electron microscopy (SEM).

Photoluminescence data from HVPE and CVD grown GaN nanowires are compared
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and discussed. Following the description of the synthesis of GaN nanowires, the fab-
rication process of a field effect transistor is given, and recipes for the processing are
listed as needed.

Chapter 4 is devoted to the electrical measurements and characterization of GaN
nanowire field effect transistors. The drain and source metal electrode contacts are
made to GaN nanowires using electron-beam lithography, and capacitive gate coupling
is provided by the degenerately doped backside silicon substrate, and the details of
the device preparation and characterization are described. The carrier density of a
GaN nanowire is extracted along with an electron mobility, a switching on-off ratio,
a mean resistivity, and a contact resistivity.

Chapter 5 presents the heart of this thesis, the transport properties of GaN
nanowires. The conductivity of GaN nanowires is measured as a function of temper-
ature, wire diameter, and the surrounding dielectric constant. This chapter discusses
the size-dependent confinement effect present in the mid-sized nanowires with a di-
ameter larger than 20 nm. Discussion of a possible hopping conduction mechanism
in a nanowire is also given.

Lastly, Chapter 6 summarizes the findings of this thesis, and suggestions for future

experiments are presented.
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Chapter 2

Background Theory

In this chapter, we try to provide pertinent background material on semiconducting
nanowires. Section 2.1 describes how nanowires grow by a catalytic growth mech-
anism called the vapor-liquid-solid (VLS) mechanism. In section 2.2, the capacitor
model for nanowire devices is discussed using both metallic and non-metallic approx-
imations and a comparison between the two results is given. In section 2.3, the size
effect due to the dielectric confinement in nanostructures is discussed using classical
electrostatics for simplified cases. Lastly, in section 2.4, the crystal structure and
electronic band structure for bulk GaN are presented along with a necessary dielec-
tric confinement correction that is calculated for the ionization energy of an impurity

in GaN nanowires.

2.1 Vapor-liquid-solid Nanowire Growth

The catalytic growth of nanowires is based on the vapor-liquid-solid (VLS) mecha-
nism [25], where nanowires grow from a seed, which is a catalyst eutectic droplet.
Let us first examine the example of silicon nanowire growth from an Au nanoparticle
catalyst. A liquid droplet of catalytic material and semiconducting material forms
above the eutectic temperature. As the liquid droplet becomes saturated by semi-
conducting material, two phases, the Au-Si alloy liquid phase and the Si solid phase,

develop. This is when the nanowire nucleation starts (Figure 2-1).
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In the VLS mechanism, the diameter of a nanowire is controlled by three major
factors [26]. First, the size of the catalyst defines the size of the eutectic droplet for
the growth seed. Second, the size of the droplet is further determined by the growth
temperature which controls the solubility of the reactants. Last, vapor-solid growth
can take place on the surface of nanowires and can increase the diameter when the

vapor pressure of the reactants is above a critical value.

The nanowire lengthwise growth results from the difference in accommodation
coefficient of the eutectic liquid droplet and the nanowire as illustrated in Figure 2-1.
The accommodation coefficient of the eutectic liquid droplet is orders of magnitude
larger than that of the nanowire. In another words, the eutectic liquid droplet is the
preferential site for absorption of the gaseous reactants. When the droplet is satu-
rated, the semiconducting solid nucleates and crystallizes at the liquid-solid interface.
One-dimensional nanowire growth continues as long as the catalyst remains liquid
and the gaseous reactants are supplied. When the reaction furnace cools down, the
growth of the nanowire terminates with the solid alloy nanoparticle remaining on
the tip of the nanowire. As discussed so far, thermodynamics determines whether
or not a nanowire can grow under a given condition of temperature, pressure, and

concentration for each composition material.

Kinetic theory determines how fast the nanowire can grow and what this growth
rate depends on. The lengthwise growth rate was studied as a function of the wire
diameter, and the growth rate was observed to be slower with the smaller diameter

wire [27]. This growth rate dependence can be described by a Gibbs-Thomson effect:

400,
d ?

5# = 5#0 - (21)

where dp is the difference in the chemical potential between the gas and solid phase
of the nanowire material, dug is for the bulk case (d — o0), o, is the surface free
energy of the nanowire, and ) is the atomic volume of the nanowire. The §u term

drives the nanowire growth and the growth terminates when §u = 0. Therefore, we
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can determine the critical diameter for the nanowire growth:

4Q0,
d. = .
dpo

(2.2)

The nanowire growth dependence on the diameter of the nanowire is generally ac-
cepted but the actual minimum diameter for a particular nanowire requires more
detailed atomistic theory and this topic is still under debate [28, 29, 30]. Further-
more, the recent in situ TEM experiment by Kodambaka et al. [31] revealed that
the nanowire can still grow below the eutectic temperature under certain conditions
either by VLS (vapor-liquid-solid) or VSS (vapor-solid-solid) mechanisms. All these
nanowire growth studies were done on a limited number of rather simple semiconduct-
ing systems, such as Si [28, 29, 30] and Ge [31]. Understanding of the GaN nanowire
growth process has been much less investigated. A good ternary phase diagram does
not presently exist, which adds difficulty to understanding the GaN nanowire growth

process.

2.2 FET Device Physics

Dating back to the first time nanotubes were introduced, one of the first devices based
on the nanotube was a field effect transistor device [32], an elemental building block for
nanodevices. The model that was developed at that early time was based on a metal
cylinder-oxide-metal plate. This simple model worked well for a carbon nanotube FET
because a nanotube is a hollow cylinder made out of a graphene sheet. Following this
approach, when semiconducting nanowires were first synthesized successfully [18, 20],
there were a lot of reports about fabricating field effect transistors from them and the
same exact model used for carbon nanotubes was used to extract their carrier density
(Eq. (2.19)), and carrier mobility (Eq. (2.20)) [18, 33]. The question is whether this
same model is valid for semiconducting nanowires. This section of chapter 2 describes
the model used for a nanowire field effect transistor (FET) device and discusses the

constraints and limitations of the model.
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Figure 2-1: Schematic diagram illustrating the VLS growth of nanowires. Reactant
materials are preferentially absorbed on the liquid alloy and deposited at the liquid-
solid interface.
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(a) (b)

Figure 2-2: Schematic picture of nanowire capacitors with two different configura-
tions: (a) a nanowire embedded in a SiO, dielectric, and (b) a nanowire on top of a
SiO, dielectric.
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First, we will consider two different configurations for nanowire FETs as shown
in Figure 2-2 and discuss how these two differ from each other. Next, we will derive
the expression for the capacitance of a metal cylinder-oxide-metal plate, and a semi-
conducting wire-oxide-metal plate [34]. Lastly, we compare each model and discuss

the condition in which the metallic approximation is still valid.

A field effect transistor based on nanowires has been frequently fabricated using
a back-gate geometry because of the ease of fabrication. Our work also uses the
back-gate geometry where a nanowire is placed on top of a degenerately doped oxi-
dized silicon wafer (Figure 2-2(b)). However, the better configuration is the so-called
wrap-arround gate where a nanowire is embedded in a dielectric material. This con-
figuration enhances the gate coupling and also the gate breakdown voltage according
to Wunnicke [1]. For the back-gate configuration (Figure 2-2(b)) with a missing di-
electric material around the nanowire, the analytic expression for the capacitance
(Eq. (2.5)) gives an upper limit for the capacitance. This overestimation can lead
to an underestimation for the field effect mobility values in the literature according
to Eq. (2.20). This overestimation of the capacitance can be remedied by using a
smaller effective dielectric constant for the oxide provided that the dielectric constant
for the oxide is not too different from that of the ambient atmosphere. For the case
of SiO;, the effective dielectric constant is found to be 2.2 [1]. According to the finite
element method (FEM) calculation [1] shown in Figure 2-3, the electric field crowds
under the nanowire much more for the back-gate configuration (Figure 2-3(a)) than
the embedded nanowire configuration (Figure 2-3(b)). This field crowding effect re-
sults in a breakdown of the oxide at a lower gate bias for the back-gate configuration
than for the embedded wire configuration.

The model used for nanowire FETs by most workers is a metallic cylinder-oxide-
metal plate. This model is known to still be valid for nanowires with a doping

concentration of 1017 cm~2 or higher [35]. Let us explore this issue.

Let us now consider an infinitely long metallic cylinder of radius R with charge
per unit length 6, embedded in a medium with a dielectric permittivity of x; and

distance ¢ away from the metal gate, as illustrated in Figure 2-2(a). The capacitance
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Figure 2-3: Potential contour plots from FEM calculations for a non-embedded
nanowire (a) and for an embedded nanowire (b) (taken directly from Ref. [1]).

per unit length is defined as

== (2.3)

where §¢ is the change in the electrostatic potential and the expression for the metallic

cylinder is

C 271'/’\',150

5 cosh™(t/R)’ 24)

When ¢/R >1, which is the case with our nanowire FETs (see Figure 2-3), the

expression is further reduced to

C 271'/%60

A l—n—[—QTt-/R—)] (2.5)

The definition for the capacitance Eq. (2.3) holds for metallic conductors since d¢ is
constant for the whole body of the conductor. This isn’t true for a semiconducting
nanowire because the electric field can penetrate into the body of the wire and the
electrostatic potential d¢ has a radial dependence now. Thus we cannot use Eq. (2.3)

to calculate the capacitance for a semiconducting nanowire.

For a non-metallic nanowire, the semiclassical model developed by Krémar et al.[34]
is used. For our nanowire system with a diameter larger than 20 nm, a semiclassical

model is valid because the density of states is quasicontinuous. For a non-metallic
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nanowire, the density of states at the Fermi level is finite and this can lead to a non-
uniform carrier density. In this case, the drift-diffusion equation gives the current

density as

j=0E - DVp, (2.6)

where D is a diffusion constant and p is the charge density. Combining with the

steady current condition

V-j=0, (2.7)

leads to the differential equation

2 P €0D
~E—0 1=/ 2.8
V=0 1=/ (28)

The length [ introduced here is the distance which an added electron penetrates into
the bulk of the wire and it is called the screening length. This is the parameter which

is needed to describe the electrostatics in a non-metallic nanowire.

According to Biittiker [36] and Natori [37], the experimentally relevant capaci-
tance for a nanostructured semiconductor is the electrochemical capacitance which is

defined as

il

C oA
- (2.9)

_657
where the electron electrochemical potential is defined as éji = u — e¢ and it is con-
stant throughout the bulk of a non-metallic conductor in thermodynamic equilibrium.
Using this new definition for the capacitance (Eq. (2.9)), Krémar et al.[34] derive an

expression for the electrostatic field inside a non-metallic cylinder as

~1/2
) : (2.10)
nho

where k is the inverse of the screening length, ny is the equilibrium electron number

ez Ony

O KnwEo O
¢in = A[Q(k‘b’l") — ?ﬂ, kb = ( Oﬂ

density for §A=0, [,,(z) is the nth order modified Bessel function and A is a constant.

The field outside the wire is calculated using the method of images. The method

of images gives the change in the electrostatic potential on a symmetry plane directly
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below the nanowire due to the added charge per unit length of dA as [35]

bom(r) = —22 1 (Qt — T) ‘ (2.11)

2T K out€o T

The constants A and d/i;, are determined from the boundary conditions at » = R on
the symmetry plane

a in a ou
¢i'n = d)auty an% = K,(mt%. (212)

Once the constants A and 1 are solved for, the capacitance per unit length for the
non-metallic conductors can be found by employing Eq. (2.9) with g = g, [34].
Applying the boundary conditions Eq. (2.12) yields

. 5 2 1
 2Kpwkowto (2t — R)R kyIy(kyR)’
(2.13)
) ed) % — R 1 2t Iy(kR)
= 0 . (214
and  op O KoutEo [n( R ) T kR 2t = RIl(kbR)} (2.14)

Finally, the capacitance per unit length of the non-metallic wire shown in Figure 2-

2 (a) is
c 2 — R 12t LkR)]
C o : . 2.15

L Mhoutco |:n < R ) + FinwkbR 2t — Rll(kbR):| ( )

For t > R, Eq. (2.15) reduces to

. o 1 I(kR)]™
C oy 2 . 2.1
7 2T KoutEo {m (R) + Knwks R I (kyR) 210

The capacitance per unit length for a semiconducting nanowire with three dif-

3 are calculated

ferent doping concentrations, Np = 1.3 x 10 1017, and 10'® cm~
using Eq. (2.16) and the results are plotted in Figure 2-4. For the calculation of
the capacitance for a nanowire with Np = 1.3 x 10'® cm™2 (degenerate case), the
Thomas-Fermi screening length (Eq. (2.17)) is used, and for the lower concentrations
(non-degenerate case), the Debye screening length (Eq. (2.18)) is used. Here we as-
sume the effective mass for GaN to be 0.22 m, and the temperature to be 300 K.

We also used an effective dielectric constant of x; = 2.2 for SiO, as discussed in the
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Figure 2-4: Calculated capacitance for a nanowire-oxide-metal device for a semi-
conducting nanowire with three different doping concentrations and for a metallic
nanowire approximation. (The metallic approximation is denoted by the open cir-
cles.)

beginning of this section. The metallic nanowire calculation is done using Eq. (2.5).
As we can see from Figure 2-4, the calculated capacitances using the model for a
semiconducting wire and for a metallic wire fall on top of each other for a doping
concentration of around 10'® cm~3. Even the capacitance for a doping concentration
of 1017 cm™3 is not too far off from the metallic approximation for wires with a radius
larger than 20 nm or so. This calculation shows that the metallic approximation for
a semiconducting nanowire system is valid for nanowires with large diameter (D>20
nm) and a moderately high doping level (Np > 10 ecm=3). We also note that a

similar calculation was done by Vashaee et al. [35]. The Thomas-Fermi screening

2
__ _2/3 / Knw€oht
rrr =T / W, (217)

where n is the carrier density which is assumed to be the same as the doping concen-

length is given as

tration and the Debye screening length is

. /K,nw(iok‘BT
Tp = 62‘)’1 . (218)
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The carrier density can be calculated using
n = VyC/(ewR?L), (2.19)

where R and L are radius and length of the nanowire, respectively. The field effect

mobility ppg is estimated by

_dIsp L?
~ dVg CVsp'

where Isp, Vsp, and Vi are source-drain current and bias, and gate bias, respectively.

As we discovered earlier, we can use the metallic approximation for GaN nanowires
with a doping concentration higher than 10'® cm™3 and thus the capacitance values
for our GaN nanowires are calculated using the metallic approximation (Eq. (2.5)).
Once the capacitance value is known and the threshold voltage V;;, which is applied
to deplete the carriers completely from the nanowire, is measured, the carrier density
n in the nanowire is approximated by Eq. (2.19). This calculation shows that our

CVD GaN nanowires have a carrier concentration of ~ 4 x 10 ecm™3.

2.3 Dielectric Confinement effect

The discussion in this section is mostly inspired and borrowed from the book by
Delerue and Lannoo [38]. Typical nanodevices are made out of a semiconductor
nanostructure, metal electrodes, and dielectrics. Having dielectric discontinuities in
a nano-sized semiconductor device can modify the electric field lines in and out of
the semiconductor and thus lead to an enhancement or reduction of the long-range
Coulomb interaction depending on the relative sizes of the pertinent dielectric con-
stants. The so-called dielectric confinement effect was first predicted by Keldysh [39].
The dielectric confinement effect modifies not only the field produced by the charge
but also introduces a new term called the self-energy correction, which relates to the
charge’s own field acting on itself by inducing polarization charges on nearby surfaces

and interfaces. Relating to this effect, a question arises about whether the macro-

35



scopic dielectric model is still valid for nanostructures and, if so, to what extent is it
valid. It has been pointed out by Delerue et al. [40] that the macroscopic dielectric
constant is the bulk value a few Fermi wavelengths away from the surface and the
average dielectric constant decreases with decreasing size of the nanostructure due to
the increasing contribution from the surfaces. This means that we can still use the
macroscopic dielectric constant for our nanowires, which have diameters larger than

15 nm.

Now we develop a general expression for the self-energy. The Coulomb interaction
between point charges ¢ and ¢/, both in an homogeneous bulk solid with dielectric

constant xp, 1S
/
q9

Ve, r) = —3
o{x ) AmKyeglr — 1’|

(2.21)

However, the actual Coulomb interaction, V(r,r’), can differ from the bulk Coulomb
interaction due to the nearby surfaces or interfaces. Let us imagine bringing infinites-
imal charges dq’ at the position r to accumulate a total charge q. The electrostatic

potential due to a point charge ¢’ is

¢(r) = f(r)d. (2.22)

4 Ky€QT

Then the electrostatic energy required to add infinitesimal charge dq’ to ¢’ is f(r)q'dq’.

A simple integration gives us the self-energy of the charge ¢ as

o) = [ 1) = F©F = St (2.29

where ¢;,,4(r) is the macroscopic electrostatic potential due to the polarization charges
at the surfaces and interfaces of the system. The factor —% comes from the adiabatic
building up of the total charge q. The induced potential can be obtained by removing
the bulk potential part from the total potential [38]:

Buna(r) = lim [6(x") = 84(x")]. (224)
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Figure 2-5: Schematic diagram showing a real charge g, and fictitious image charges
¢ and ¢”, all at a distance ! away from the interface between two dielectrics with
relative dielectric constants x; and k.

Using Eq. (2.23) and Eq. (2.24) together, we get

1

X(r) = 3 lim [V(r,r') — Vi(r,1)]. (2.25)
r'—r

In the following sections, we apply classical electrostatics to a number of simple

structures to get further insight into how the presence of a dielectric interface modifies

the Coulomb energy of the system. The method developed here will prepare us to

understand the dielectric confinement effect in nanowires.

2.3.1 Single Planar Dielectric Interface

The following example illustrate the self-energy correction due to the existence of the
polarization charges at the interface between two different dielectrics. Let us consider
a point charge ¢ embedded in a semi-infinite dielectric at a distance [ from the plane

interface between two dielectrics 1 and 2 with relative dielectric constants k, and o,
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respectively, as shown in Figure 2-5. The charge g induces polarization charges at the
interface and this adds a self-energy term to the electrostatic energy of the charge
q. Using the method of images [41], we can calculate the electrostatic field in both
dielectrics 1 and 2. In region 1 (z > 0), the electrostatic potential at a point P is due

to the real charge g and a fictitious charge ¢’. The sum of the two potential gives

o) = (4 T (2.20)

! - 47TK)16() Rl R2 ’ )
where Ry = /p?+ (Il — %)%, and Ry = /p?>+ ({4 2)? in cylindrical coordinates
(b, b, 2).

In the region 2 (2 < 0), the potential is equivalent to that of a fictitious charge ¢”

at the position A:
1 qII
- Amkqgco By

¢a(r) (2.27)

The charges ¢’ and ¢” can be expressed in terms of ¢ using the boundary conditions

at the interface (z = 0):

k1 E(07) = koE,(07),
Ez(0+) = Ex(o—)a
Ey(0%) = E,(0). (2.28)

Then the image charges ¢’ and ¢” are

¢ = 2y
Ko + K1 ’
2/€2
"
= . 2.29
1 Ko + l‘é]q ( )

Using the expressions Eq. (2.25), the electrostatic self-energy of the charge ¢ is

/ 2 _
Z(l) qq q K1 K2

- 167K €0l B drriegl 4(k1 + ko)

(2.30)
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Figure 2-6: Electrostatic self-energy of an electron in a GaN wafer in ambient air.

From this simple calculation we can find the self-energy as a function of the distance
[ which denotes the distance from a real charge ¢ to the interface between dielectrics.
The electrostatic self-energy can be substantial in nanostructures where there is a
significant mismatch between nearby dielectrics. To illustrate this point, we calculated
the self-energy of the electron embedded in a semi-infinite GaN solid (x; =~ 8.9) in
an ambient gas (k; = 1) using Eq. (2.30) and plotted the result in Figure 2-6. The
self-energy is shown to range from a few tens of meV for an electron at distance a
few nanometers away from the interface with the ambient gas to large values of more

than 100 meV when [ reaches the unit cell dimension of GaN (0.3 nm).

2.3.2 Dielectric Quantum Well

The enhancement of the long-range Coulomb interaction in a so-called dielectric
quantum well structure was first studied by Keldysh [39]. The enhanced long-range
Coulomb interaction comes from the reduction of the effective dielectric constant of
the whole system due to the penetration of the electric field into the barriers with
a smaller dielectric constant than the well. This effect can be exploited to control

the optical properties such as the binding energy and oscillator strength of exci-
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Figure 2-7: Schematic diagram of a dielectric quantum well: semiconductor in the
middle, and an insulating barrier on an each side.

tons in semiconducting devices [39, 42]. Let us consider a sandwich structure of an
insulator-semiconductor-insulator structure with a charge ¢ sitting at the position
(p =0,z = 2) in a cylindrical coordinate system, as shown in Figure 2-7.

The calculation shown here was done using the method of images following the
work by Kumagai et al. [42]. For the system with two image planes, an infinite series

of image charges are formed at the points given by

ge=nl+ -1V w=Fliddo (2.31)

Applying boundary conditions at each interface, we get all of the image charges:

& = a7, 7=<”‘_”2) (n=0,%1,%2,..),

K1+ Ko
2/‘62
! — n TL:0,172,...,
n o ( )
2/‘62
" , =0,—-1,-2,...), 2.32
a, L —— (n ) (2.32)
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where g,,q,,, and g/, produce the electrostatic field in the middle well , left barrier,
and right barrier, respectively. We note that ¢}, and g, share the same values due to
the two symmetric barriers. Summing up the contribution from all g,’s leads to the

total electrostatic potential in the well:

gy
o(p, z) = n;w dmki€o{p? + [z — (—1)"zp — nL]2}1/2 (2.33)

The above equation predicts an enhancement or a reduction of the long-range Coulomb
interaction depending on the sign of 7. For x; > k3 (v > 0), the sum in Eq. (2.33)
is larger than the single term with n = 0, namely the bulk potential (¢,) and for
K1 < K2 (7 < 0) the sign of the image charges alternates between positive and neg-
ative, and thus the sum is less than the bulk potential (¢3). As we have already seen
from the previous example, a dielectric quantum well can result in an enhancement

of the long-range Coulomb interaction, i.e. exciton binding energy.

The self-energy can be also found by applying Eq. (2.25):

() = % ) i | (2.34)

neiiss.. drki€9)z — (—1)"2z — nL|

2.3.3 Dielectric Quantum Dot

Let us imagine that a quantum dot of radius R and relative dielectric constant x;
is embedded in a medium of relative dielectric constant k; (Figure 2-8). Then the
electrostatic potential at 7 (for s < r < R) due to a charge ¢ positioned at (p = 5,6 =
0, = 0) inside the dot can be expressed in terms of Legendre polynomials. Applying
proper boundary conditions (Eq. (2.36)) gives [43]

™5™ Pp(cos(0)) (k1 — k2)(n + 1) } (2.35)

¢(*>—4,m1€0{,~_ 7 Z R [ + s + )
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Figure 2-8: Schematic diagram of a charge ¢ in a dielectric quantum dot (x;) embed-
ded in a dielectric (k2).
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¢2lr—-»oo = 0;

¢1|T=R = ¢2'T=R’
01 _ 0¢o
Iil—a;- Lk = K2 or rZR. (236)

We recognize the first term in Eq. (2.35) as the bulk potential ¢(7), then the

self-energy of the charge q in the dielectric dot is

() = q° i r** (k1= kg)(n + 1) (2.37)

" 87ki€o R+ [k + n(ky + K2)]

n=0

We can get a simpler expression for the self-energy of the charge ¢ located at the

center of the dielectric dot:

2
g~ K1 — HKa

SWEQR Ri1Ke

£(0) = (2.38)

Here the self-energy of a semiconducting dot is shown to increase with decreasing R.

In this section, we examined several different dielectric interfaces, a single planar
interface, a double planar interface, and a spherical interface, and showed that the
self-energy in these systems is size dependent. This theoretical study provides the
basis for using a dielectric confinement effect in the interpretation of our transport

data that were obtained for GaN nanowires.

2.4 Solid State Physics of GaN

2.4.1 Crystal Structure

GaN can grow in either the wurtzite or zincblende crystal structures. However, the
thermodynamically stable structure for GaN is wurtzite and both HVPE and CVD
methods in this work produced GaN nanowires in the wurtzite crystal structure only.
Therefore we focus our study on the wurtzite crystal structure here. Both the wurtzite
and zincblende structures have Ga-atoms tetrahedrally coordinated by N-atoms and

vice versa. The Bravais lattice of the wurtzite structure is hexagonal, and the three
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Figure 2-9: (a) A top view of wurtzite GaN (0001) (b) GaN wurtzite structure. (c)
Brillouin zone of the hexagonal lattice corresponding to the wurtzite structure.

vectors, @, l-;, and ¢, define the lattice as shown in Figure 2-9(a). Both the wurtzite
and zincblende structures are built by stacking layers of atoms with the same element
along the c-axis. The difference is in the stacking order. For the wurtzite structure
the stacking order is:

... Ga(A)N(A)Ga(B)N(B)Ga(A)N(A)Ga(B)N(B)Ga(A)N(A)Ga(B)N(B). ..

while for the zincblende the stacking order is:

... Ga(A)N(A)Ga(B)N(B)Ga(C)N(C)Ga(A)N(A)Ga(B)N(B)Ga(C)N(C). ..

The wurtzite structure, the more common crystal structure for GaN, has a hexag-
onal unit cell with 3 atoms of each type (Figure 2-9(a)). The unit vectors &, and b
are equal in length, and ¢ is perpendicular to the two other vectors. The wurtzite
structure consists of two interpenetrating hexagonal close-packed (hcp) sublattices,
each with one type of atom, shifted along the c-axis by the distance 3¢/8: Ga-atoms
are positioned at (0,0,0) and (2/3, 1/3, 1/2), while N-atoms are positioned at (0, 0,
u) and (2/3, 1/3, 1/2+u).

44



Table 2.1: Lattice constants a, ¢, and unit cell parameter u for GaN at room temper-
ature, and coefficient of thermal expansion for GaN [3].

length | coefficient of thermal expansion
all 3.189 A 5.59%x107%/K
c| 5185 A 3.17x107%/K
w il 0.377 -

2.4.2 Electronic Band Structure

In this section, we focus our discussion mainly on GaN in the wurtzite crystal struc-
ture because our GaN nanowires grow only in the wurtzite structure. An accurate
determination of the band structure near the fundamental gap is essential for reli-
able device design calculations. GaN has a direct band gap which enables efficient
light emission and lasing. The band structure of wurtzite GaN is similar to that of
zincblende GaN. One major difference is that the degeneracy in the valence band is
further lifted by the crystal field interaction in addition to the spin-orbit interaction
for wurtzite GaN. The valence electrons in a wurtzite lattice experience an extra field
from the sites beyond the next nearest neighbors. By including the crystal field inter-
action and the spin-orbit coupling, the upper valence band is split into three states,
A(Ty), B(I'7), and C(I'7). Figure 2-10 shows the calculated band structure near the I'
point of wurtzite GaN. In the quasi-cubic model [44, 45], three valence bands of the
wurtzite crystal are thought to be coming from the combined effect of the spin-orbit
interaction and the crystal-field interaction. The energy of the split-off valence bands
can be expressed in terms of the matrix element of the spin-orbit interaction A,, and

that of the crystal-field interaction A, [44, 45]:

DotBe  [(Butds
IV e \/ (F=35=) - Zaua,

2 2
ASO + ACT Aso + ACT‘ 2
ABpc = =227 4 \/(*2—_> = 38080 (2.39)

While the conduction band near the I" point is s-orbital-like and assumed to be
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parabolic, the valence band at the I' point is p-orbital-like and highly anisotropic. We
can check the anisotropy of the valence bands in the band diagram (Figure 2-10). The
effective hole mass of the I'g band is heavy in all &k directions, while that of the upper
I'7 band is somewhat light in the k) direction but heavy in the kj direction. The
trend is reversed for the lower I'; band: heavy in the &k, direction but light in the k
direction. The anisotropy and the band mixing of the valence bands can complicate

the band calculation for wurtzite GaN.

Table 2.2: Comparison of values for the fundamental band gap of wurtzite and
zincblende GaN at room temperature reported in the literature [4].

Waurtzite GaN (eV) | Zincblende GaN (eV) Method Reference
3.44 3.17 Ellipsometry [4]
- 3.23 Modulated Photoreflectance [46]
3.54 3.37 Reflection [47]
3.45 3.21 Cathodoluminescence 48]
3.44 3.28 Photoluminescence [49]
- 3.45 Cathodoluminescence [50]

The measured fundamental band gap values in the literature for wurtzite GaN
depend on the experimental methods used as shown Table 2.2. The published values
for the splitting energies of the valence bands at the fundamental gap varies widely
as well [51]:

AEac=22 meV [52], 18 meV [53], 28 meV [54], 24 meV [55], 43 meV [56],
AE,p=6 meV [52, 53, 54, 55|, 8 meV [56].

As seen from the spread of the experimental band data on GaN, a more reliable
and consistent method to determine the band structure of GaN is needed.

So far we discussed the electronic band structure for bulk wurtzite GaN, and the
question is whether this same band structure applies to GaN nanowires with the
same geometric atom positions. The answer, of course, depends on the size of the
nanowires. It is well known that the quantum confinement effect creates quantum
subbands in nanowires with a diameter of the orders of the Fermi wavelength of

carriers because the motion of carriers is restricted in the plane perpendicular to
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Figure 2-10: Schematic electronic energy band structure near the direct fundamental
gap of Wurtzite GaN. The top of the valence band is split by the crystal field and
by the spin-orbit interaction into A(Ty), B(I'7), and C(I';) states. Note: ky || k. and
ki L k.. HH=heavy hole band, LH=light hole band, and CH=crystal field split-off
band.
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the wire axis. Another important modification of the electronic structure due to the
quantum confinement effect is the enhancement of the impurity binding energy as
the diameter of a nanowire becomes on the order of the effective Bohr radius [57, 58].

The effective Bohr radius is estimated to be

rg = mnw(%)ao, (2.40)

e

where k., is the dielectric constant for the nanowire, mq is the electron mass, m, is
the effective mass of electrons in the nanowire, and a, is the Bohr radius of an electron
(0.53 A). The effective Bohr radius for our GaN nanowire is about 2 nm and we can
safely assume that the quantum confinement effect does not have a significant effect
in our nanowires which typically have diameters larger than 10 nm. However, even
above the quantum size regime, the size effect can show up when there is a significant
dielectric mismatch between the nanowire and its surrounding medium [59]. This
so-called dielectric confinement effect can enhance the ionization energy of impurities
in a semiconducting nanowire and play a major role in their transport properties [60].

The discussion here is taken from Diarra et al [60]. The Hamiltonian for semicon-

ducting nanostructures is given as
H=Hy+U+%, (2.41)

where Hj is the Hamiltonian of the nanowire with surface passivation. The term U;
is the potential at a location r due to the impurity nucleus located at ry and given as
U; = £V(r,rg). The (+) and (—) signs are for an acceptor and a donor, respectively.
The potential V' is calculated by solving the Poisson equation for a cylinder of radius
R and of relative dielectric constant &,,, embedded in a medium of relative dielectric
constant ;. Screening of a coulomb potential in a nanowire (1D) is much weaker than
that in a bulk semiconductor because of the surface effect in the nanowire and this
leads to the enhancement of the impurity binding energy in nanowires. The screened
potential by a charge e at ro in a bulk semiconductor is Vy(r,ro) = €2/ [Knyeo|r — Tol]

as the rest of the total charge e, e(1 — 1/kny), is repelled at infinity. However, in a
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semiconducting nanowire, the screened out charge e(1 — 1/k,,,) is relocated at the
surface of the nanowire, which is close enough to the impurity and leads to an extra
term V; in the potential, V = V, + V,. In other words, the term V; is due to the

surface polarization charge e(1 — 1/ky,,) induced by the impurity nucleus.

The last term ¥ in the Hamiltonian (Eq. 2.41) is the self-energy potential which
is due to the surface polarization charges of the charge carriers. As discussed in
section 2.3, £(r) = £1V,(r,r), where the (+) and (—) signs are for an electron and
a hole, respectively. The factor % comes from the adiabatic build-up of the charge
distribution [59]. However, this self-energy correction for a free carrier at r is almost
the same as that for a bound electron at ro because V,(r,rg) is slowly varying in
the limit of thick nanowires with an effective Bohr radius rg much smaller than the
nanowire radius R. Their contributions to the ionization energy of the impurity cancel
each other. Therefore the net effect of the surface of the nanowire on the ionization
energy of the impurity is mainly due to the interaction between the carrier and the

surface polarization charge e(1 — 1/k,,,) induced by the impurity nucleus (V; in Uj;).

Thus the increase in the ionization energy is
AE; ~ (V,) = 2(S)(R), (2.42)

where (X)(R) is given in Eq. (2.45).

The self-energy correction inside the nanowire with radius R is calculated from the
electrostatic analysis of a nanowire, with relative dielectric constant «,,,, embedded

in an insulator with «;. The result from Reference [59] is

5= 1- JZ [ o gl HRIGIHRE )

nw —00 2m DTL(K:THUJ Ki, lkIR) ,

where Dy, (Knw, ki, [k|R) = kieo K, (|k|R) I, (|k|R) ~ KnweoKn(|k|R)I,(|k|R), and I,(z)
and K,(r) are the modified Bessel functions of the first and second kind, respec-
tively. We now calculate the self-energy correction for the free carriers assuming an

infinite well boundary condition at r = R and the single band, isotropic effective mass
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approximation. The envelope function used is [59]

1 T
r)=—=—Jdb|aws), 244
(P( ) \/2—7I'R'_R 0( 0 R) ( )
where Jy(z) is the zeroth-order Bessel function of the first kind, g = 0.2404, and K =
0.1347. The constants ap and K are given by Jo(ap) = 0 and K = fol rJ¢(apz)dz.
Then,

ER) = Bl = g [ 150 (o)
- K"‘”—niF(K"‘”>, (2.45)

K'an Knw + K4 Rq

where

_t+ 1 mKn(y)K’ (y)I2(zy) J2 (o)
Z/ iy | e o eSO 2

The function F(t) has been numerically calculated by Niquet et al. for 1072 < ¢ < 10?
and 0 < y < 512 using 128 Bessel functions [59]. For practical applications, the
function F(t) is fitted with the Padé approximant [59):

0.0949¢ + 17.395t + 175.739¢ + 200.674

F(t
(t) ~ t2 + 50.841¢t + 219.091

[eV-nm]. (2.47)

As we can see from the result in Equations (2.42) and (2.45) , the dielectric
confinement effect disyplays the inverse R dependence. The prefactor v in AE; =
v/R is plotted in Figure 2-11 for GaN nanowire (£,,=8.9). This result shows that
the prefactor v will decrease with the decreasing dielectric mismatch between the
nanowire and its surrounding dielectric and this behavior has been observed in our

measurements described in chapter 5.
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Figure 2-11: The prefactor -y for GaN nanowire as a function of the dielectric constant
for the surrounding insulator x;. The vertical dotted lines indicate the dielectric
constants of bulk SiO, (x;=3.9) and GaN (x;=8.9).
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Chapter 3

Experimental Methods

In this chapter, we illustrate experimental methods used to synthesize GaN nanowires
and the fabrication technique used to make electrical contacts to the nanowires. Sec-
tion 3.1 describes the synthesis mechanism of semiconductor nanowires and their
characterization. Subsections 3.1.1 and 3.1.2 deal with hydride vapor phase epitaxy
(HVPE) and chemical vapor deposition (CVD), respectively. Once the nanowires
are grown, a nanowire based FET (Field Effect Transistor) is fabricated as given in

section 3.2.

3.1 Catalytic synthesis of GalN Nanowires

Single-crystalline, one-dimensional semiconductor technology has been drawing a lot
of interest and effort for its potential to replace the current technology based on thin
film semiconductors, such as FETSs, optoelectronics, and sensors. The background on
the vapor-liquid-solid growth mechanism is given in the section 2.1. In this section we
describe the HVPE and CVD synthesis methods used to synthesize GaN nanowires

in this work.
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3.1.1 GalN Nanowires grown by Hydride Vapor Phase Epi-
taxy

Synthesis

In this section we describe how we synthesize GaN nanowires using Hydride Vapor
Phase Epitaxy (HVPE) [2]. Synthesis of gallium nitride nanowires is performed in
an in-house built HVPE system (Figure 3-1(a)). The system consists of a high tem-
perature furnace, a horizontal reactor, a gas panel, a control system, and a scrubber.
Figure 3-1(b) shows the schematic diagram for the horizontal reactor.

The reactor has a 75 mm round quartz tube, installed inside a three-zone Mellen
horizontal furnace. The actual reaction takes place inside a rectangular quartz tube,
which promotes laminar flow and thus suppresses turbulence in the growth zone. All
process gases, GaCl, HCI, NHj, and Ny, are delivered into the rectangular tube by
two of the 10 mm quartz tubes.

As a growth substrate, silicon (111) and c-plane sapphire substrates are used. We
tried gold and nickel as a catalyst for VLS growth. Even though gold is commonly
used as a catalyst for growth of silicon and germanium nanowires, it wasn’t suitable
for the growth of gallium nitride nanowires because of the low solubility of nitrogen
in gold [61]. Therefore nickel is used as a catalyst for the growth of GaN nanowires.
Typically a 5 nm thick nickel thin film was thermally evaporated on the growth
substrate or a drop of nickel nitrate (Ni(NOjs)2) solution, prepared by dissolving 0.1
M Ni(NOj3),-6H,0 in isopropyl alcohol, was applied to the substrate and air-dried. At
the high growth temperature for the nanowire (given below), Ni(NQj3);-6H,0 most
likely decomposes to form NiO [62], which acts as a catalyst for the nanowire growth.

For a gallium source, gallium metal is placed in the wide part of the quartz tube in
zone I (Figure 3-1(b)). GaCl gas is formed from the reaction between molten gallium
metal and HCl gas in the 10 mm tube in zone I at 800-850°C and carried by N, gas

into the rectangular tube. The reaction in zone I is as follows:

2Ga(s)+2HCl(g)— 2GaCl(g) + Ha(g). (3.1)
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Figure 3-1: (a) Picture of our HVPE system. (b) Schematic diagram of the horizontal
HVPE reactor.



The growth zone (zone III) is maintained at 650-750°C for the duration of the
nanowire synthesis. During the synthesis, ammonia (NH3) gas, which is pushed into
the growth zone by nitrogen (N2) gas, reacts with GaCl gas to form the final product,
GaN nanowires, on the growth substrate. The reaction is described by the following

equation:

GaCl(g)+NH;3(g)— GaN(s) + HCl(g)+ Hy(g). (3.2)

Ultrahigh purity nitrogen gas (99.999 %) is used as the carrier gas with a flow rate
of 3000 sccm (standard cubic centimeter per minute). The HCl and NHj gas flow
rates are 1-10 and 50-200 sccm, respectively. The typical growth run lasts for around
5 minutes and GaN nanowires longer than 10 pym are thus synthesized. Figure 3-2
(inset) shows the SEM image of GaN nanowires synthesized by the HVPE method.
A Lab Guard wet scrubbing system is used to neutralize the acidic exhaust gas and

trap the resulting ammonium chloride (NH4Cl) powder.

XRD Study of HVPE GaN Nanowires

Control over the nanowire growth direction is desired as many materials proper-
ties, such as the thermal and electrical conductivity, index of refraction, piezoelectric
polarization, and band gap, are anisotropic. The appropriate selection of the lattice
matched substrate is used to control the growth direction [63]. We used a c-plane sap-
phire substrate to grow GaN nanowires epitaxially. The epitaxial growth is confirmed
by the x-ray diffraction peaks from the (0002) and (0004) planes of the hexagonal GaN

as shown in Figure 3-2.

TEM Characterization of HVPE GaN Nanowires

Our HVPE grown GaN nanowires display a tapering shape, thick at the base and
thinner at the tip. The wire diameter ranges between 40 and 400 nm with the mean
value of 198.5 nm (Figure 3-3). Nanowires grown by the VLS mechanism typically

end up with a metal catalyst particle at the tip of the nanowire. GaN nanowires
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Figure 3-2: X-ray diffraction pattern from HVPE nanowires grown on sapphire sub-
strate (directly taken from Reference [2]). The inset shows the SEM image of the
nanowires. (Scale bar: 2um)
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Figure 3-3: Histogram of the diameters for GaN Nanowires from HVPE.

have been grown using various metal catalysts, such as Ni, Fe, Au, AuPd, In, and
Ga [63, 64, 65, 66, 67]. Among these different catalysts used, only Au and AuPd
were reported on the tip of the nanowires [63, 65]. SEM images indicated that our
GaN nanowires grew only where catalyst nanoparticles were deposited. However, we
rarely observed Ni nano particles on the tip of the nanowires. We speculate that
Ni might have been etched away due to the HCI gas present in the HVPE reactor.
Another scenario is that Ni atoms dope the nanowire during the growth and the Ni
catalyst gets consumed in this way. These two scenarios might explain the tapering
nanowire growth. The size defining catalyst becomes smaller during the growth and

thus nanowires grow with a tapering shape.

In order to examine the crystal quality and the chemical makeup of the nanowires,
TEM (Transmission Electron Microscopy) and EDX (Energy dispersive X-ray spec-
troscopy) were performed. Basically, we wanted to check the core and surface of our

nanowires for any visible defects, impurities, and oxides. A microtome procedure
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Figure 3-4: (a) Low resolution BF (bright field) STEM image shows hexagonal facets
of the nanowire; the right side of the sample is chipped off during a microtome
procedure. (b) High angle annular DF (dark field) HR STEM shows a hexagonal
lattice. Inset shows a selected area diffraction pattern (SADP) indicating the (0001)
crystal growth direction

was performed on thick HVPE GaN nanowires to examine the core and shell of the
nanowires. The nanowires were embedded in epoxy resin and 80nm thick slices were
shaved off from the composite. In Figure 3-4 a low resolution image (a) shows a hexag-
onal facet of the nanowire; a part of right edge was chipped off most likely during a
microtome procedure. The nanowires exhibit the wurtzite single crystal structure and
a (0001) growth orientation as demonstrated in the selected area diffraction pattern
(inset of Figure 3-4(b)). A high angle annular dark field (HAADF) high resolution
(HR) scanning transmission electron microscope (STEM) image reveals atom sites as

the light spots (Figure 3-4(b)).

A high resolution TEM image in Figure 3-5 shows a 1 - 2 nm amorphous layer
at the boundary of the HVPE GaN nanowire. It has been reported that bulk GaN

terminates with a monolayer thick native oxide [68] but our GaN nanowires seem to
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Figure 3-5: High Resolution TEM image of a microtomed HVPE GaN nanowire with
scale bar of 5 nm (courtesy of JEOL).

terminate with several layers of oxide.

Energy-dispersive x-ray (EDX) spectroscopy was employed to look for any foreign
material in our GaN nanowire growth (Figure 3-6). A clear peak for Ga is shown
and kind of weak signal for N, which is typical since N is a light element. The Cu
peak is from the TEM grid. Within the detection limit of EDX (0.5 at. %), Ni was
not detected. The EDX spectrum also shows rather strong Si and O peaks but we
concluded that these peaks are from the epoxy which the microtomed nanowire discs
are embedded in and not from the GaN nanowire because EDX linescan in the inset

of Figure 3-6 does not show any traces of Si or O.
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Figure 3-6: EDX spectrum of a microtomed HVPE GaN Nanowire. The inset shows
the EDX linescan in the STEM mode with a spot size of 1 nm. Guiding white lines
are drawn over the colored lines for clarity. (color)
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We have shown that our HVPE GaN nanowires grow by the VLS mechanism as a
single crystal relatively defect free, and the diameter of the nanowire can be controlled
by the size of the catalyst nanoparticles, and the growth orientation can be controlled
through the epitaxial growth. However, the question remains as to the whereabouts
of the Ni catalyst particles after the growth and the origin of the high doping level

observed in the FET measurements (section 4.3).

3.1.2 GalN Nanowires by Chemical Vapor Deposition
Synthesis

In this section we describe the synthesis of GaN nanowires using the chemical vapor
deposition (CVD) method. The CVD synthesis is carried out in a 1” tube furnace,
Lindberg/Blue Tube furnace TF 55035A-1 (Figure 3-7(a)). The CVD system consists
of a 1”7 quartz tube placed in a hot-zone horizontal furnace, a mass flow controller
(MFC), and a turbopump.

For a gallium source, about 2 gm of high purity metal Ga (purity 99.999 %) is
placed in a graphite crucible. The silicon substrate, around 1 cm x lcm, is used as
a growth substrate, which is cleaned with a typical acetone/isopropyl alcohol rinsing
step. We deposit a drop of nickel nitrate hexahydrate (Ni(NOj3),-6H20) solution, pre-
pared by dissolving 0.1 M Ni(NO;),-6H,0 in isopropyl alcohol, on the substrate and
we let the substrate air-dry. Nickel oxide from the decompostion of Ni(NO3),-6H,0
acts as a catalyst [62]. The growth substrate is placed downstream of the gas flow,
about lecm away from the gallium source. Prior to the growth, the quartz tube is
pumped down to 2 x 10~° Torr and filled with ultrahigh purity argon (Ar) gas (purity
99.999 %). The furnace is heated to the desired temperature of 900°C. Both the Ga
source and the substrate are pushed by a manipulator from the end of the quartz tube
into the hot zone, preheated to 900°C, and the Ga source and the silicon substrate
are maintained there for an hour with a 60:1 mixture of Ar:NH; at a flow rate of 30
sccm. The chemical reaction between Ga gas and ammonia gas can be expressed as

in Equation (3.3).
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Figure 3-7: (a) Picture of our CVD system. (b) Schematic diagram of the horizontal
CVD reactor: the 1 cm x 1 c¢m silicon chip is inside a 1”7 quartz tube, metal gallium
is in a graphite crucible, and mass flow controller (MFC) controls the gas flow.
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Figure 3-8: SEM image of CVD synthesized GaN nanowires.

2Ga(g)+2NH;3(g)—2GaN(s) + 3Hy(g). (3.3)

The ammonia flow is usually kept on until the furnace is cooled down to room
temperature to avoid the possible formation of a nitrogen vacancy defect, which is
known to be the cause of the unintentional high doping level in GaN. A successful
synthesis run yields a layer of light yellow wool-like products on the growth substrate,

which can be observed under an optical microscope.

Characterization of the GalN Nanowire Growth

Figure 3-8 shows a successful synthesis imaged with SEM. Non-epitaxial growth of
GaN nanowires from a silicon substrate is observed, contrasting the epitaxial growth

of HVPE growth method (inset of Figure 3-2).

The diameter of CVD grown nanowires ranges between 10 and 110 nm with the
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Figure 3-9: Histogram of the diameter distribution for GaN Nanowires grown by

CVD.

mean value of 46 nm (Figure 3-9). A pronounced tapering growth observed in the
HVPE is also missing from the nanowires produced by CVD growth (Figure 3-10(a)).
The nanowires grown by the CVD method were much thinner than by the HVPE
growth. The HVPE growth conditions might have included the VS (Vapor-Solid)
growth, which tends to allow lateral growth, besides the VLS (Vapor-Liquid-Solid)

growth mechanism. A comparison between the two growth methods is given in Ta-

ble 3.1.

100

120

Table 3.1: Growth Data for HVPE and CVD.

HVPE | CVD
Growth Orientation || (0001) | (1010)
Mean Diameter (nm) || 199 46

We didn’t notice any nickel catalyst at the tip of the nanowires from all the TEM
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images taken for the CVD grown nanowires. Since the CVD synthesis doesn’t involve
any acid such as HCI which is present in the HVPE synthesis, nickel might be actually
doping our GaN grown nanowires. energy-dispersive x-ray (EDX) spectroscopy was
employed to look for traces on nickel in the CVD grown GaN nanowires, but nickel was
not detected within the detection limit of EDX (0.5 at. %). Alternatively, a chemical
analysis method, such SIMS (secondary ion mass spectroscopy) [69] or LEAP (local
electrode atom probe) [70], can be used to identify the impurities in the nanowires.
Figure 3-10 shows TEM images taken for the CVD grown nanowires. The nanowires
are straight without a tapering shape, as shown in Figure 3-10(a). The dark fringes
observed along the length of the nanowire indicate a thickness variation or strain.
The preferred growth direction for the CVD GaN nanowires turns out to be (1010)
when the nanowires are grown non-epitaxially (Figure 3-10(c)). The high resolution
TEM image in Figure 3-10(b) shows a defect free single crystal growth with a 1-2 nm
amorphous layer on the surface.

In summary, CVD grown nanowires are quite different from HVPE grown nanowires
in terms of size, and shape. Asides from a missing tapering shape, the CVD nanowires

also do not seem to have hexagonal facets.

3.1.3 Photoluminescence Measurement on GaN nanowires

As-grown CVD and HVPE GaN nanowires are optically excited at room temperature
by a HeCd laser (325nm, 8mW). The luminescence signal is monochromatized, fil-
tered, and detected by a Si charge coupled device camera. The resulting PL spectra is
shown in Figure 3-11. Both of the CVD and the HVPE grown GaN nanowires display
a redshift of the near-band edge emission, which indicates the presence of a bandgap
renormalization due to a high concentration of carriers in our GaN nanowires. The
redshift values, calculated assuming a bandgap of 3.4 eV for bulk wurtzite GaN,
are 150 meV and 100 meV, respectively, for the CVD and the HVPE grown GaN
nanowires. This difference is probably due to a different concentration of impurities
in GaN nanowires prepared by the two different growth methods rather than the dif-

ferent diameter of the nanowires. Otherwise, a blueshift is expected to occur rather
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Figure 3-10: TEM study of a CVD grown GaN nanowire:(a) low resolution BF (bright
field) TEM image of a GaN nanowire exhibits dark fringes possibly due to thickness
variation or strain, (b) high resolution BF TEM image shows a defect-free lattice,
and (c) a selected area diffraction pattern indicates a (1010) crystal growth direction.
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than a redshift as the diameter of the nanowire decreases. The CVD grown GaN
nanowires might have a few times higher impurity concentration than the HVPE
counterpart.

We also notice an extra broad sub-bandgap luminescence peak in the PL spectrum
for the CVD grown GaN nanowires. The PL spectrum for the HVPE GaN nanowires
shows only a small hillock in the sub-bandgap region and the location of this hillock
seems to be somewhat different from the CVD case. This broad sub-bandgap peak
is known to be due to the deep-defect levels in GaN, and furthermore, these deep-
defect levels tend to segregate to the surface layer of nanowires because the surface
of a nanowire is the energetically favorable location for these defects. Therefore, the
ratio between sub-bandgap and band edge luminescence peak intensities increases as
the diameter of the nanowires decreases from ~ 150 nm (HVPE nanowire) to ~ 50
nm (CVD nanowire), similar to the observation made on ZnO nanowires [71]. This
result suggests that defects and impurities tend to segregate to the surface of GaN

nanowires.

3.2 Fabrication of Nanowire Devices

Both HVPE and CVD nanowires were used to fabricate the devices. For fabricating
metal electrodes on GaN nanowires, we use both electron-beam lithography and pho-
tolithography. The basic strategy is to use “blind” photolithography to test samples
quickly not worrying too much about whether or not a single wire is contacted and

to use electron-beam lithography once all the plans are laid out.

3.2.1 Swubstrates

A substrate is an integral part of a nanoscale device. For example, the morphology
of the surface of the substrate can affect the properties of the thin metal film, since
the electrical properties of nanoscale devices are strongly affected by the substrate on
which they are lying [72]. The substrate provides not only a mechanically supporting

structure, but also a dielectric environment, which is known to change the electronic
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Figure 3-11: Photoluminescence spectra obtained from HVPE and CVD grown GaN
nanowires at room temperature. The HVPE and CVD nanowires have diameters of
~ 150 nm and ~ 50 nm, respectively.
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properties for nanoscale devices significantly [59, 60].

We used silicon wafers as device substrates because of their availability. Heavily
doped p-type Si wafers were used as a backgate for nanowire field effect transistors
(NWFET). The silicon wafers were purchased with a thin layer of insulator, which
acts a gate dielectric, already grown on top of the silicon wafer. We used 300 nm SiO,
on Si wafers for typical FET devices. We also used 50 nm Si3zNy to increase the gate
coupling to the nanowires. The relative dielectric constant for SiO, is 4.5 and that for
SizNy is 7.5. However, given that our GaN nanowires are heavily doped, 50 nm SizNy4
was too thin to withstand the high gate bias required to deplete charge carriers from
our nanowires. Therefore SiO, is the preferred dielectric thin film for our devices.
Also the SiO, layer can be easily removed by the HF acid, which is convenient for
further fabrication, such as for etching trenches.

A wet etching step is often used as a part of the fabrication processes. Hydrofluoric
(HF) acid burns to the human skin are particularly hazardous. A dangerous aspect of
HF burns is that it does not produce any burning sensation until it has already done
irreversible damage. An extreme precaution needs to be practiced when using HF
acid, since an exposure to HF can results in massive tissue damage. When exposed
to HF, the affected area should be thoroughly washed off with plenty of cold water
including under the nails for the minimum of 15 minutes. After flushing with water,
calcium gluconate gel can be liberally applied to the affected area and kept on until

medical help arrives.

3.2.2 Substrate Preparation

The cleanness of the substrate is important for electrical device fabrications because
the electrical properties of the deposited thin metal film is strongly affected by any
debris on the substrate and nanowires. When silicon wafers are first purchased,
they arrive in a clean condition. It is important to keep these wafers free from dust
particles. We found that the best way to do this is to keep these brand new wafers
inside the nitrogen dry box in a cleanroom after spin coating them with a photoresist

such as Microposit S1805. In this way, wafers will stay clean for future fabrication
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steps.

The first step of the device fabrication is cutting down a 3 inch wafer into small
squares that are 5 mm wide. This step is called cleaving. A whole wafer can be cleaved
with a cleaver machine, which is a convenient way to cut a large wafer into chips of
a fixed size. For this step we used a Loomis LSD-100 Scriber/Cleaver. The LSD-100
can scribe Si, glass, and sapphire wafers up to 4 inches in diameter. The scriber
is computer controlled using a real-time imaging and pattern recognition option for
precise scribing. For casual cleaving, a diamond scriber is used to scribe a notch on
the surface of a wafer and the wafer is placed on a slightly elevated surface. We used
a glass slide for this surface. The wafer is aligned so that the notch is at the edge
of the glass slide. Then pressure is applied on either side of the notch with tweezers
with a soft tip until the chip snaps off. During this process, care is taken not to
scratch the surface of the chip in the region where the device will be fabricated. The
cleaving will generate silicon fragments and dust. However, since wafers are already
coated with the photoresist, subsequent contamination will only affect the surface of
the photoresist layer, which can be readily removed with acetone. Once the protective
photoresist is off, small chips should be stored with care to minimize the exposure to
dust. Typically antistatic chip trays from Entegris (www.devicecare.com) or gel-boxes
from Gel-Pak (www.gelpak.com) are used to store bare silicon chips.

The main goal of the cleaning process is to remove chemical and particulate con-
taminants from the surface of the chip in order to ensure successful device fabrication.
Chemical contaminants include grease from human contact and polymers left from
the previous processing steps. Grease and polymer residue can interfere with the good
adhesion of the deposited metal layers. Particulate contaminants, such as dust and
silicon fragments, can create pinholes in dielectric layers deposited on the chips and
lead to short circuits between the top metal gate and the underlying metal contacts

to the nanowires. The standard cleaning procedure is as follows:

1. 2 minutes of oxygen plasma cleaning using the 100 Watts power setting.

2. 5 minutes in hot trichloroethylene (TCE)
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3. 5 minutes of ultrasonication in acetone
4. 5 minutes of ultrasonication in isopropyl alcohol (IPA)
5. blow-drying in nitrogen gas

All the organic solvent cleaning should be performed inside a fume hood, where
a person’s exposure to hazardous fumes is limited. Oxygen plasma cleaning is used
to remove any photoresist or e-beam resist from the surface of the chip, remaining
from the previous processing steps. TCE is used to degrease the chips. The TCE
step should be done in a glass or Teflon beaker because a plastic beaker can be dis-
solved by TCE. The TCE step can be also done at an elevated temperature of about
70°C if needed to enhance the cleaning performance. If inhaled, TCE is carcinogenic.
Therefore the TCE step should be done inside a fume hood. The third step is ul-
trasonication in acetone. This step is used to shake off the particulate contaminants
from the surface of chips. Ultrasonication can be skipped or kept minimal if sub-
micron sized metal contacts or nanowires are already on the chip. Otherwise, you
are running a risk of removing those small objects off the chip along with particulate
contaminants. The fourth step is done in isopropyl alcohol. The IPA step is used
to remove any remaining contaminants including acetone traces. Although IPA is a
weaker solvent than acetone, IPA itself doesn’t leave any residue on the chip when it
dries. When all the solvent cleaning is done, a nitrogen gun is used to dry the chip
completely. The blow drying step is done with the chip securely pressed on a layer of

lint-free cleanroom wipes with a pair of tweezers to prevent chips from flying off.

3.2.3 Deposition of Nanowires

Our GaN nanowires are usually grown on silicon or sapphire substrates. The GaN
growths are scattered randomly throughout a substrate as shown in the Figure 3-
8. These nanowires need to be transferred to an appropriate substrate, as discussed
in section 3.2.1, in order to make electrical measurements on individual nanowires.

The nanowires were either wet or dry transferred to the measurement substrate,
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which has pre-made location markers as shown in Figure 3-12. As a quick and dirty
method, one can use a so-called dry transfer method. In the dry transfer method,
nanowires can be collected off the growth substrate with a piece of filter paper and
brushed onto the measurement substrate while the growth substrate is left intact
. However, the dry transfer method tends to deposit nanowires unevenly and it is
harder to control the density of the deposited nanowires using dry transfer. For the
aforementioned reason, the wet transfer of wires is the favored method as the density
of the deposited nanowires can be readily controlled by changing the volume of the
solvent. In the wet transfer method, the nanowires were harvested by ultrasonic
agitation in Isopropyl Alcohol and a drop of the resulting nanowire suspension was
transferred to degenerately doped p++ Si(100) wafers with a ~300 nm thermally-
grown oxide layer on the surface. After the transfer of the nanowires, locations of
randomly deposited nanowires are mapped out from a scanning electron micrograph
(SEM).

The location markers are an array of square dots 2 um on a side with a period of 40
pm. Each dot has one column and one row number assigned to it. Several images like
Figure 3-12 are taken to select suitable nanowires for measurements. SEM imaging is
used here but in some cases atomic force microscope (AFM) images or even optical
microscope images are used. The optical microscope can be used for nanowires longer
than 10 ym even though the wire diameter is much smaller than the diffraction limit
of light. SEM is the preferred method since it can provide a detailed picture of
individual wires. However, exposing nanowires to high energy electron beams can
lead to an alteration of the nanowire properties, and therefore the usage of SEM

should be limited and used with caution.

The SEM used in this work is a LEO Field Emission Electron Microscope with a
nominal resolution of 1.2 nm. Typical imaging parameters are 6 nm for the working
distance and 3-5 kV for the acceleration voltage. A higher acceleration voltage pro-
duces a better image resolution but a lower image contrast. Figure 3-12 is a typical
SEM image taken to locate nanowires. Ideally, isolated long straight nanowires are

selected for device fabrications. Generally speaking, nanowires longer than 10 um are

73



Figure 3-12: SEM image on a 20 pm scale of a deposited GaN nanowire on a substrate
with numerical markers (see text).

necessary for 4-point measurements.

3.2.4 Electron-Beam Lithography

Electron-beam lithography is a pattern transfer technique just like photolithography.
The electron-beam lithography technique is useful for writing submicron sized fea-
tures because a beam of electrons does not suffer from the diffraction limit, which
exists with photolithography. Thus electron-beam lithography is ideal for writing con-
tact electrodes on nanowires. We can pack a multiple number of contact electrodes
within the length of a nanowire with the fine resolution of the electron-beam writing
technique. Also in this way the precise placement of the electrodes with respect to
the nanowire is possible. Even though small features can be written with electron-
beam lithography, its writing coverage is fairly limited due to the slow writing speed.

The electron-beam writes patterns in a serial manner, which is slow compared to the
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parallel process of photolithography. Photolithography transfers the entire pattern to
the resist layer at once. Therefore the electron-beam lithography is exclusively used
in academia while photolithography is much preferred in industry. Chemicals used
in the developing process can also determine the accessibility of a particular litho-
graphic method. All of the chemicals used in electron-beam lithography are neutral
while strong basic developers are used in photolithography as will be discussed in
section 3.2.6.

The step-by-step process of fabricating metal electrodes on nanowires by electron-
beam lithography is shown in Figure 3-13. A detailed description of each step is given

below:

PMMA spin coating

Polymethyl methacrylate, PMMA, is a transparent plastic which is electron-beam
sensitive. The resists used in this work are 950K PMMA, and copolymer MMA or
495K PMMA. The numbers 950 K and 495 K indicate the molecular weight of the resin
in the solvent which is either chlorobenzene or the safer anisole. The copolymer MMA
is formulated in the solvent ethyl lactate. After all the imaging of the wires is done, a
bi-layer of e-beam resists is spin coated on top of the nanowires. Typically, a bi-layer
of MMA EL-10 and 950K PMMA C2 is used to achieve undercut development, which
facilitates the lift-off process for thick metal deposition. The diameters of nanowires
are between 20 nm and 100 nm on average, which means that the deposited metal
should be at least 150 nm thick to avoid a break in the deposited metal electrodes.
The undercut produced by MMA EL-10 adds 500 nm width in each direction, which
means that the separation between two adjacent electrode patterns should be larger
than 1 um. For a closely placed electrode pattern, the MMA layer can be replaced
with 495K PMMA, which creates a lesser undercut.

The actual spin coating recipe is the following. A single drop of MMA EL-10
solution is deposited on the chip spinning at 500 rpm. The spinning rate is then
stepped up to 4000 rpm which is maintained for 40 seconds to evenly coat the chip.

After spinning the MMA layer on, the chip is baked on a hot plate at 180°C for 5
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(a) wire deposition (b) PMMA spin coating
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Figure 3-13: Schematic view of the electron-beam lithography process. (a) First,
nanowires are deposited on the chip. (b) A bilayer of MMA/PMMA is spun on the
chip in the spin coating process. (¢) An electrode pattern is written on the chip after
development. An undercut is formed by using MMA. (d) Metal is then evaporated
on the chip. (e) The remaining resist is dissolved in acetone and only the metal
electrode pattern remains after the lift-off process. (f) The chip is then wire bonded
and mounted on a chip carrier for measurements.

76



minutes to remove any remaining solvent from the chip. The same recipe is used for
the second layer of PMMA. At this spinning speed, the EL-10 forms about a 500nm
thick layer and 950K C2 PMMA forms a layer around 100nm thick.

E-beam writing

This step is the actual writing of the electrode pattern using an electron-beam writer.
Currently, we have three different writing systems available at Harvard University
where this work is done. The three systems are the old JEOL 6400/Nabity system,
the relatively new Raith system, and the newest addition, JEOL JSM-7000F system.
The JEOL 6400 is actually a scanning electron microscope and it was modified to
work as an electron-beam writer with the addition of the Nabity Pattern Generation
System (NPGS). The JEOL 6400/Nabity system is useful for quickly writing large
patterns such as bonding pads, since its filament can generate very large currents
(>200 nA). The newest member of the JEOL family is the JEOL JSM-7000F, whose
beam current is also fairly large (10pA-200nA). The Raith 150 electron-beam lithog-
raphy system is used in this work. The Raith 150 is an ultra-high resolution electron
beam lithography system capable of writing patterns with resolutions of 50 nm for
direct-write lithographic applications. The system also has a Scanning Electron Mi-
croscope to facilitate imaging and navigation of the sample. The main advantage
of this system is its capability to write over an entire wafer as large as 6 inches by
a write-field stitching technique. The maximum width of one write-field is around
800 pm but we typically limit the write-field to 100 pm for better writing accuracy.
The idea behind write-field stitching is the following. In order to write a design
larger than one write-field, which is often what is needed, it is necessary to write
over several write-fields by putting several write-fields adjacent to each other. For
accurate stitching, the sample stage is translated by a combination of servo-motors
and piezo-electric actuators guided by a laser-interferometer. A high precision with
5 nm resolution can be achieved by such a system. Figure 3-14 illustrates write-field
stitching.

Based on the location of nanowires, the electrodes pattern is designed and fed into
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Figure 3-14: Schematic illustration of Write-field Stitching.

the computer which controls the Raith 150 electron-beam lithography system.

For writing large features over 1 um, a 120 um aperture is used to speed up
the writing process. For submicron features, the smaller 30 yum aperture is used.
Whenever possible, it is better to avoid using more than one aperture. Otherwise,
re-alignment of the aperture and of the focus is necessary for each aperture setting.
The electron-beam writing is done on the bi-layer of the e-beam sensitive resists. The
resists used are poly methyl methacrylate (PMMA) and copolymer MMA. When
exposed to the electron beam, these complex macromolecules get broken down into
simpler compounds, which can be easily dissolved in a chemical developer. The de-
veloper used is a cocktail of 3 parts IPA and 1 part methyl-isobutyl ketone (MIBK)
by volume. The typical development time is one minute in the 1:3 MIBK:IPA devel-
oper. The development can be promoted further by stirring the developer solution
or moving the chip around vigorously in order to supply fresh developer and bring
it into contact with the resist. Some precaution needs to be practiced before the

development to remove any possible contaminants, such as carbon particles and sil-
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ver particles from fixing the chip on the sample stage. Such particles can clog the
PMMA resist pattern and cause a break in the deposited metal film later on. Rinsing
in isopropyl alcohol (IPA), followed by the nitrogen blow dry step can be used for
this purpose. After the development, a rough examination of the developed pattern
can be done under an optical microscope to check if nanowires bridge the electrode

pattern properly.

Metallization

The metallization is the fabrication step in which electrical interconnects are formed
with selected metals. We have used three different methods of metallization. They
are thermal evaporation, electron-beam evaporation, and sputtering. Thermal evap-
oration works by heating a metal source until it melts and starts evaporating. Joule
heating is provided by flowing a high current through a metal boat, which holds a
material source. A thermal evaporator is a clean method to deposit relatively low
melting point metals, such as chromium and a\ gold layer (Cr/Au) or titanium and
a gold layer (Ti/Au). The need for other methods of metallization arises when the
evaporation of certain metals is difficult. For example, platinum (Pt) has a high melt-
ing temperature of 1768.3°C. At this temperature, the tungsten boat, which is used
to hold Pt pellets, is prone to break. The other popular method of evaporation is
e-beam evaporation. E-beam evaporation uses an electron beam with a high energy
of several keV to boil off a small spot of a source material in the crucible. With local
heating of a source material, e-beam evaporation is a better choice to deposit low va-
por pressure materials like platinum. Some dielectric materials like aluminum oxide
(Al;03) or silicon dioxide (SiO;) can also be evaporated using an e-beam evaporator.
However, e-beam evaporation is not the best way to deposit compound materials.
The stoichiometry of the source material is not preserved when evaporated, because
the evaporation rate depends on the atomic weight of each element. When a con-
formal coating is required, sputtering is much better than either of the evaporation
methods. For the evaporation methods, the pressure inside the evaporation chamber

is about 107° or 10~7 Torr. At this low pressure, the mean free path of the evaporated
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atoms is of the same order of magnitude as the vacuum chamber dimensions, so these
atoms travel in straight lines from the source to the substrate. This behavior results
in a shadow effect and a break can form in the deposited electrode over nanowires.
On the other hand, with the sputtering technique, atoms in a solid target material
are dislodged or sputtered off by the plasma of a noble gas such as Argon and are
deposited on the substrate. The presence of the plasma causes multiple scattering
events before sputtered atoms reach the substrate. These multiple scattering events
result in conformal deposition of the source material. However, the subsequent lift-off
process can be hampered by conformal deposition. Another advantage of the sputter-
ing technique is that the deposited thin film has the same stoichiometry as the target
material, which is useful for deposition of compounds materials.

Once the electrode pattern has been written on the resist layer, a metal can be
evaporated or even sputtered. Typically Ti/Au or Cr/Au metal contacts are deposited
by thermal evaporation. The titanium and chromium layers are used to form ohmic
contact with GaN nanowires [73]. The gold layer is a capping layer. Right before the
deposition, the samples are exposed to an O, plasma at 50 Watts for 60 seconds to
remove residual polymer from the previous lithographic procedure and the samples
are dipped in 1:7 HF:NH4F3 for 3 seconds to etch any oxide layer from the contact

area of wires.

Lift-off

The evaporation step leaves the chip with a blanket coating of a gold layer. The lift-
off process takes care of the excess metal by dissolving the PMMA resist in acetone.
A thick layer of deposited metal can often lead to difficulties in the lift-off process by
forming a continuous metal layer across the developed area, which is a recessed part
in Figure 3-13(c), and the undeveloped area. Therefore, the evaporation thickness
should be no more than about 70% of the resist thickness to avoid a lift-off problem.
In addition to using a thick layer of resist, the bi-layer with the undercut in the
bottom resist can assist in the lift-off process. To check that all the excess metal has

been lifted-off, the chip can be inspected under an optical microscope. The inspection
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is done best while the chip is still wet with acetone, otherwise the excess metal will
stick to the chip and won’t come off. To keep the chip wet in acetone under the optical
microscope, we use a shallow petri dish. If all the excess metal isn’t lifted-off, the
chip can be soaked in acetone for longer or even a short burst of ultrasonication can
be used. However, with nanowires already present on the chip, we usually avoid using
ultrasonication. When the lift-off of excess metal is completed, the chip is squirted

with isopropyl alcohol and blown dry with a nitrogen gun.

Annealing of Ohmic Contacts

In order to study the material properties of GaN nanowires, it is necessary to have
ohmic contacts, and this is especially true if 2-point measurements are used. Most of
the metal contacts on our GaN nanowires show ohmic contact without any high tem-
perature annealing step. Occasionally we used the Jeptec Rapid Thermal Annealer
to achieve a better contact to the GaN nanowires. The annealing step is done for 1

minute at 550°C in a slightly overpressured nitrogen gas atmosphere.

3.2.5 Wire bonding

Wire bonding is the process of making electrical interconnections between the device
and the outside world. A picture of a wire bonded and mounted sample is shown
in Figure 3-13(f). The chip is first mounted with silver paint on a 32-pin leadless
chip carrier (LCCO03218) bought from www.spectrum-semi.com. It usually takes 10
minutes or so for silver paint to dry. The silver paint provides a good electrical
contact to the backside silicon gate as well as thermal contact [74]. The LCC03218
chip carriers can be fitted into LCC sockets obtained from www.locknest.com. Once
the chip is mounted on the chip carrier, wire bonding is done to complete the device
fabrication process. Wire bonding works by rubbing a fine metallic wire onto the
bonding pad with ultrasonic energy. The typical bonding wire we use is 99.99% pure
aluminum with a diameter of 1 mil and 1-3% elongation. We usually wire bond to

the gold-plated nickel lead of the chip carrier first and then to the bonding pad on the
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chip. As a precaution against possibly poor wire bonding or bad wiring in the sample
probe, important devices can be wire-bonded multiple times or bonded to multiple

leads of the chip carrier.

3.2.6 Photolithography

As discussed in section 3.2.4, e-beam lithography is mostly used for fabricating elec-
trodes on a single nanowire for its precise alignment capability and high resolution.
However, the time- consuming part of the processing is locating a suitable nanowire
with respect to the location markers and designing a new writing pattern for every
sample. An area of 600x600 um? must be surveyed in order to find the nanowires that
are long, straight, and isolated from other wires and from any unwanted debris. To
cut down the initial preparation time for the fabrication of nanowire devices, we seek
after an alternative lithography method. The current photolithography technique
can comfortably pattern 2-point contacts on nanowires, longer than 10 um. We have
even occasionally fabricated 4-point contacts on long nanowires using photolithogra-
phy. We designed a photomask with multiple electrode patterns covering most of the
chip, which has a 5x5 mm? area. A “blind” ’photolithography is performed on the
chip, and the chip is scanned for successful metal contacts on individual nanowires.
Using this scheme, around 10 nanowire devices, on average, are fabricated on a chip

with an area of 5x5 mm?.

Figure 3-15 shows an unusually long nanowire, longer than 30 um, along with a
short nanowire, which overlaps the left part of the long nanowire. A 4-point contact,
denoted by numbers 1 through 4, is made on the right part of the long nanowire.
Even if the short wire shown in Figure 3-15 possibly connects the leads 1 and 2,
voltage drop across the leads 2 and 3 is not influenced by this short as long as a
constant current is supplied between the leads 1 and 4. Photolithography processing
is basically the same as the e-beam lithography process shown in Figure 3-13; PMMA
spin coating is replaced by photoresist spin coating and UV light exposure is used

instead of e-beam writing. Qur recipe for photolithography is as follows:
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Figure 3-15: SEM image of multiple contacts made on a short and a long GaN
nanowire fabricated by photolithography.
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10.

11.

Deposit nanowires on the chip.

Remove water molecules from the chip by baking on a hotplate at 200°C for 5

minutes.

. Spin coat LOR-3A at 500 rpm for 5 seconds, followed by 4000 rpm for 40

seconds.

Bake on a hotplate at 170°C for 5 minutes.

. Spin coat Shipley S1805 photoresist at 500 rpm for 5 seconds, followed by 4000

rpm for 40 seconds.
Bake on a hotplate at 115°C for 5 minutes.
Expose in Karl Suss MBJ-3 mask aligner for 1.85 seconds.

Develop in MF CD-26 for 1 minute, followed by rinsing in DI (de-ionized) water
and blow dry.

. Bake on a hotplate at 125°C for 5 minutes (optional)

Evaporate metal up to 300 nm thick.

Lift off using microchem’s “Remover PG” or NMP ( N-methylpyrrolidone) at
room temperature; elevate the temperature to 70°C if the sample has been

exposed to a high temperature, above 190°C.

3.2.7 Sample Safeguarding

One bad winter, we lost more than 80% of our devices due to static electricity. Static

electricity is much worse in winter than in summer because the air is much drier in

winter than in summer. Dry air is a relatively good insulator and charges tend to

build up in one place. In contrast, humid air with polarized water molecules can

promote discharging of a charged object. Figure 3-16 illustrates what happens to

the nanowire when static electricity attacks. To avoid destroying our devices from
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Figure 3-16: SEM image of a burned-out GaN nanowire due to static electricity.

static electricity, we make sure we discharge ourselves when we handle our devices
by wearing the ESD (electrostatic discharge) wrist strap, which safely channels the
static electricity to a proper ground. The samples are also stored in a static free
container, which is made out of conductive material to avoid electric charge buildup
inside the container. Also any electrical access to the sample is done via a low-pass
filter with a cut-off frequency of 16 MHz, which safeguards the samples from spikes
created by repeatedly connecting and disconnecting BNC cables to the multiple BNC
box (Figure 3-17).
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Figure 3-17: Schematic diagram of a low-pass filter attached to the sample.
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Chapter 4

Measurements on a Nanowire Field

Effect Transistor

4.1 Introduction

The field of nanotechnology has been born out of the need to make electronic and
optoelectronic devices smaller and more densely packed. The main interest of nano-
technology research lies in the discovery of novel phenomena and the possibility of
improvements in device performance. A top-down approach has been successfully
implemented in the microelectronic industry to produce ever-shrinking devices. How-
ever, because of the economic burden and scientific difficulties associated with the
top-down approach, an alternative approach, known as a bottom-up approach, has
been sought after. The bottom-up approach relies on chemical synthesis to build
functional electronic structures such as nanowires and this is the approach taken by
this work.

The material of our interest is GaN. GaN is a wide band-gap (3.4 eV at 300°K)
semiconductor with the wurtzite crystal structure. Wide band-gap semiconductors
are needed for short wavelength optoelectronic devices and high-power/-temperature
devices. Characterization of the material is essential for successful device applica-
tions. However, the conventional methods of characterization are hardly suitable for

nanowires due to their extremely small size and shape. Therefore, it is important to
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find suitable characterization methods for nanowires. In this work, GaN nanowires
are grown by HVPE or CVD, and characterized using a field effect transistor (FET)
geometry. The background material on FET device physics is given in section 2.2.
By forming metal electrode contacts to a nanowire and capacitively coupling the
nanowire to a gate electrode, the electrical properties of the nanowires have been

measured.

4.2 Experimental Details

GaN nanowires were grown by chemical vapor deposition (CVD) on sapphire sub-
strates using nickel nanoparticles as a catalyst. The CVD reactor consists of a 25
mm quartz tube, placed in a hot-zone horizontal furnace. Prior to the growth, the
system was pumped down to 2 x 107> torr and filled with ultra-high purity Ar gas
(purity 99.999 %). Both the Ga source and the substrate were introduced into the hot
zone, preheated to 900°C, and maintained there for an hour with a 60:1 mixture of
Ar:NHj; at a flow rate of 30 sccm. After the growth, the nanowires were harvested by
ultrasonic agitation in ACS/USP grade ethyl alcohol and a drop of the resulting wires
from this dispersion was transferred to degenerately doped p™ Si(100) wafers with
300 nm of thermally grown oxide on the surface. The p**Si substrate was used as a
global back-gate electrode. In some devices, a local top-gate electrode was fabricated
as well to increase the capacitive coupling between the nanowire channel and the gate
electrode. However, most of these top-gate devices became shorted to the top-gate
before a gate bias high enough to deplete the nanowire could be applied. Electron-
beam lithography was used to define multiple metal contacts on wires after suitable
wires were located using a field emission scanning electron microscope (FE-SEM).
“Blind” Photolithography (see section 3.2.6) was also used to increase the yield rate
of devices. Metal contacts, typically Ti/Au , were deposited by thermal evaporation.
Right before the deposition of the metal contacts, samples were exposed to a 50 W
O, plasma for 60 seconds to remove any residual polymer left from the lithographic

procedure and the samples were then dipped in 1:7 HF:NH,4F for 3 seconds to etch
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away any residual oxide layer from the contact area of the wires. The latter step was
essential for achieving Ohmic contact to the wires. The nanowire FET devices were
imaged again with an FE-SEM to determine the length and diameter of the nanowire.
Figure 4-1 shows an FE-SEM image of a GaN nanowire field effect transistor (top)
along with a schematic diagram (bottom) of such a device. The diameter of the par-
ticular wire in Figure 4-1 is 20 nm and the channel length is 2.6 pm. Field effect
transistor (FET) measurements were performed at room temperature using a probe
station with an Agilent 4156C semiconductor parameter analyzer. For cryogenic tem-
perature measurements, FET devices were wire-bonded onto a 32-pin die and held in

a cryogen by a homemade insert.

4.3 Results and Discussion

Ohmic contacts were achieved on most of the nanowires as is confirmed by linear
Isp — Vsp curves (see Figure 4-2). The contact resistance, RBc , between the Ti
contact layer of the electrodes and the GaN nanowire was determined using four-
point measurements to be less than 2 % of the wire resistance in nearly all cases
and therefore negligible. This justified the use of two-point contact schemes to carry
out the measurements. In devices having more than two contacts, only a single
measurement on an arbitrarily chosen adjacent pair of contacts was included in the
statistics. The specific contact resistivity value, p¢ , was calculated from the measured
contact resistance, R¢ , assuming a cylindrical wire using the relation pc = R¢ - A,
where A is the electrode covered surface area of the nanowire. The specific contact
resistivity thus calculated was 1 x 1075 Q- cm? , which is comparable to another
published value for CVD grown GaN nanowires [75]. The histogram of the resistivity
values from the 52 CVD grown nanowire devices is shown in Figure 4-3. A Gaussian
fit is shown to fit 90% of the data, excluding outliers which clearly fall outside the
main distribution. The Gaussian is centered at an average resistivity of 6.3 mQ-cm
with a standard deviation of 3.3 mQ-cm. The nanowire resistivity value, pp,,, was

calculated from the measured nanowire resistance, R,,,, assuming a cylindrical wire
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Figure 4-1: SEM image (top) and a schematic diagram (bottom) of a nanowire-
channel field-effect transistor.
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Figure 4-2: Current Isp versus Voltage Vsp at gate biases from -40 to 40 V with 10
V increments. (color)
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Figure 4-3: The resistivity distribution of a sample of 52 CVD-grown GaN nanowires.

with radius r and length [, and using the relation p,, = Ry, - 7r%/l. An average
radius value was used for some nanowires with non-uniform cross section along the
length. The largest source of error in determining the nanowire resistivity is from the
determination of the radius. We used SEM (Scanning electron microscopy) or AFM
(Atomic force microscopy) to measure the radius of a nanowire. The typical upper
bound of the uncertainty in the measured radius was about 10 % and therefore the
expected upper bound in the measured resistivity is about 20 %. This upper bound
error was estimated for the nanowire with radius of 10 nm and the error is expected

to be much smaller for the nanowire with larger radius.

Transconductance measurements at a series of source-drain voltages, Vsp , from
0.1V to 1V in increments of 0.1 V are shown in Figure 4-4. The curves show a
gate threshold voltage, Vj, , of around 30 V, and a switching ratio, I, /Iot¢, of over
100 is deduced from the curve for a source-drain voltage of 1 V. Once the threshold

gate voltage and the dimensions for a particular nanowire are known, the equilibrium
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carrier concentration, n. , can be calculated as follows, based on a wire-on-plane

capacitor model,
ne = VinC/(enR?L), 4.1)

where R is the wire radius, and L is the length of the active nanowire channel between
the source and drain contacts. The capacitance between the wire and substrate is

given by [76]
27TK,i€ OL

C~ nRR/R+ 1]

(4.2)

where k; and h are respectively the dielectric constant and thickness of the insulator
between the wire and the substrate. From Eq 4.1, the carrier concentration is esti-
mated to be around 4 x 10*%cm =3 for our GaN nanowires. The electron mobility u for
a nanowire field effect transistor can be extracted from the transconductance value

in the linear regime above the threshold bias using the expression

dlsp _ CpVsp

Vo 2 (4.3)

The mobility p thus calculated from Figure 4-4 for a source-drain voltage of 1V is
found to be ~18 cm?/(V-s), neglecting the voltage drop across the contacts. Most
of our GaN nanowire FET devices displayed almost no carrier modulation due to
an unintentionally high carrier concentration, which is a common observation for
GaN nanowire growth [77, 78, 79]. The most probable sources for this high carrier
concentration are believed to be nitrogen vacancies, and oxygen or silicon growth con-
tamination [80, 81, 82, 83]. A gate-modulated switching behavior was only observed

for the thinnest of our GaN wires.

For comparison, we also studied HVPE grown GaN nanowires. Figure 4-5 shows
a histogram of the resistivity values from the 37 HVPE grown GaN nanowires. A
similar average resistivity value of 8.1 mQ2-cm was found, compared to the CVD value
of 6.3 mQ-cm. The carrier modulation could not be achieved up to a gate bias of -
40 V since our HVPE grown GaN wires are typically several times thicker than the

CVD grown wires [2] and require a higher gate bias to deplete carriers from HVPE
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Figure 4-4: A plot of the source-drain current, Isp, versus gate voltage, Vg, for
source-drain voltages from 0.1 to 1 V in 0.1 V increments. The inset shows the same
data in a log plot. (color)
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Figure 4-5: The resistivity distribution of a sample of 37 HVPE-grown GaN
nanowires.

wires. Important electrical properties are summarized in table 4.1.

4.4 Conclusions

Nanowire FET devices were fabricated from GaN nanowires grown by CVD or HVPE
and characterized by transconductance measurements at room temperature and temperature-
dependent conductance measurements from 300°K to 4.2°K. Resistivity, carrier den-
sity, mobility and thermal activation energy have been estimated for our nanowires.
Transconductance measurements indicated our CVD grown wires to be a degener-
ately doped n-type semiconductor with an electron concentration of 4 x 10'® cm™3.
Despite the high doping level, thin nanowires showed a switching ratio of over 100

and an electron mobility of 18 cm?/V's.
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Table 4.1: Electrical Data for HVPE and CVD Nanowire FETs. There are missing
values for some parameters for HVPE wires because even the thinnest of HVPE wires
was too thick to reach a complete depletion of the carriers, which is needed for some
of the characterizations.

HVPE | CVD
Carrier Type n n
Carrier Density [cm™3] - 4-10%°
Mobility [cm?/v-s] - ~18
On-off ratio - > 100
Mean Resistivity [mQ-cm] 8.1 6.3
Contact Resistivity [Q-cm?] || 1-107¢ | 1.107°
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Chapter 5

Transport Properties of GalN

Nanowires

5.1 Introduction

Interest in reduced dimensional systems is motivated by the novel physics that is
revealed in nanoscale structures. The recent success of vapor-liquid-solid (VLS) [25]
and other growth mechanisms [84, 85] have opened up this new exciting field of
research for semiconductor nanowires as examples of one-dimensional systems. The
field of semiconductor nanowire applications has been expanding quickly due to the
ease of transferring existing semiconductor technology to nanowires. The unwavering
flourish of the semiconductor field is largely due to the readily tunable optical and
electrical properties of semiconductors. The optical and electrical properties depend
on the number of carriers available in a semiconductor. This applies to semiconducting
nanowires also. The capability to dope nanowires with impurities allows the control of
their electrical properties, together with the selective growth of various semiconductor
materials, which has resulted in sophisticated heterostructure devices [86, 87, 88, 89).
Moreover, the novel aspect of semiconductor nanowires over bulk semiconductors
comes from their reduced size and enhanced ratio of surface area to the volume
[71, 90, 91]. These particular characteristics of semiconductor nanowires have resulted

in many applications, such as optical sensors, detectors, and chemical sensors [92, 93].
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The size of a semiconductor nanowire can play a key role in the electrical properties
through confinement effects in two different size regimes. The quantum confinement
effect results in an enhancement of the ionization energy for impurities when the di-
ameter of the nanowire is of the same order as the impurity Bohr radius [57, 58].
This size range, however, is rarely seen in nanowires, probably for thermodynamic
reasons associated with the growth [94]. For diameters much larger than the impu-
rity Bohr radius, the “dielectric confinement” effect increases the ionization energy
significantly when there is a dielectric mismatch between the wire and the surround-
ing medium [59, 60]. This effect has been proposed theoretically [60] but has never
been reported through electrical measurements. Herein, we report electrical transport
studies of GaN nanowires and examine the “dielectric confinement” effect through the
size-dependence of the impurity ionization energy observed in GaN nanowires. The
background material on the dielectric confinement effect was previously provided in
section 2.3.

Two different sets of donor levels were identified through a determination of the
activation energies in the temperature dependent conductivity. The first set of impu-
rity levels is quite shallow (< 5 meV) and doesn’t seem to depend much on the radius
of the nanowire. The second set of impurity levels is somewhat deep (> 40 meV) and
depends on the radius of the nanowire.

We also observed variable-range hopping conduction in highly doped GaN nanowires
and we attribute this behavior to the defective layer near the surface of the nanowire.
We believe that this observation has not been reported so far in nanowires without

focused-ion-beam (FIB) induced damage [95, 96].

5.2 Experiments

5.2.1 Nanowires on a SiO,/Si substrate

A detailed description of the experimental aspects is given in section 4.2. To recap
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in one line, nanowires were placed on a SiO, coated Si substrate and 80nm Ti/80nm

Au electrical contacts were made on the nanowires.

5.2.2 Suspended Nanowire over a trench

Electrical measurements on nanowires are usually done with nanowires lying on a
SiO,/Si substrate as prepared in section 5.2.1. The pertinent question is then, “Does
the dielectric environment around a nanowire affect the electrical properties of the
nanowire ?” In order to preclude a possible effect from the substrate, we fabricated
devices with the suspended nanowire over a trench. GaN nanowires are transferred
to a SiO,/Si substrate and metal contacts were defined using e-beam lithography. 80
nm Cr and 80 nm Au are then evaporated thermally for the contacts. Trenches are
defined by e-beam lithography. After the e-beam exposure and development in 1:3
MIBK:IPA, the chips are postbaked on a hot plate above the glass transition point
at 130°C for 30 minutes to promote the better adhesion of the PMMA layer to the
substrate and to remove any pinholes. Otherwise, the oxide etchant can creep under
the patterned PMMA and create a broader etching area than the lithographic pattern.
1.7 HF:NH,F; is used to etch SiO,. The chips are dipped in BHF for 3 minutes, which
is long enough to remove a 300 nm SiO, layer under the nanowire. After the etching
step, special care needs to be taken to avoid the nanowires from being pulled down
by the surface tension of DI (deionized) water and sticking to the Si substrate which
results in a poor contact to the metal electrode. Since we want to remove the effect
of the substrate on the nanowires, the part of the nanowire touching the substrate is
not ideal for the proposed experiments. In order to reduce the surface tension from
the DI water, the chips are transferred to acetone while still wet from DI water and
transferred again to IPA and blow dried with a nitrogen gun. We found that this
triple rinsing step in descending order of surface tension reduces the damage done by
surface tension significantly. An SEM image shows that the nanowires are taut and
free from touching the substrate below (figure 5-1). Alternately one can also use the

critical drying furnace to dry off the DI water.
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Figure 5-1: SEM image of a suspended GaN nanowire.
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5.2.3 SiO, coated Nanowires

In the section 5.2.2 we devised an experiment to test the effect of the dielectric envi-
ronment on nanowires by suspending a nanowire over a trench, where a nanowire is
free standing without touching the substrate. In this section we coat nanowires with
Si0,. SiO, is either deposited by an RF sputtering method or grown by a plasma-
enhanced chemical vapor deposition (PECVD) method. We give a detailed descrip-
tion of the PECVD process here. PECVD uses a plasma to promote the chemical
reaction of the precursors, which react and decompose to deposit the desired dielec-
tric material on the desired substrate. PECVD processing facilitates deposition at a
lower temperature compared to regular CVD processing. We use a NEXX Cirrus 150
PECVD system, which is an ECR (electron cyclotron resonance) plasma-enhanced
CVD system. ECR technology produces a high plasma density and low ion energy
at a low chamber pressure, allowing the deposition of high quality films at relatively
low temperature.The system is equipped with a load-lock wafer transporter, allowing
fast system pump-down and a low base pressure of 1076 to 10~7 torr.

We use silane (SiH) and oxygen (O,) as the precursors to deposit SiO,. The
substrate temperature is kept at around 20°C, cooled by helium gas and water. The

pertinent reaction is as follows:

SiH4 + 02 — 8102 + 2H. (51)

First, nanowire devices are prepared as described in section 3.2.4. After the lift-off
step, the chip with a patterned structure is transferred to the PECVD chamber for the
deposition of SiO,. Prior to the actual deposition, the PECVD chamber is pre-baked
and cleaned with an oxygen plasma. After the initial cleaning, a 300 nm-thick film
of SiO, is deposited on the sample for more than 30 minutes. Since the deposited
film is everywhere on the chip, bonding pads need to be exposed by etching away
the area above the bonding pads, facilitating a wire bonding process later; a quick
photolithography and BHF (buffered hydrofiuoric) acid etching step is applied to the
chip. Figure 5-2 shows a GaN nanowire buried under PECVD grown SiO,.
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Figure 5-2: SEM image of a GaN nanowire coated with PECVD SiO,.
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5.3 Results and Discussion

We first analyze iﬁ detail the data for the case of a nanowire on a SiO,/Si substrate
and show the size-dependent transport in GaN nanowires in section 5.3.1, and then
we present supporting experiments from the configurations with suspended nanowires
and from SiO, coated nanowires in section 5.3.2 to remove any uncertainty from the

first configuration with a nanowire on SiOz /Si substrate.

5.3.1 Size-dependent Ionization Energy in GaN Nanowires

The temperature-dependent conductivity in the nanowires was measured to gain in-
sight into the mechanisms involved in carrier transport. The conductivity as a func-
tion of temperature is plotted in Figure 5-3 for four CVD grown wires with 15, 25, 45,
and 60 nm diameters. The donor thermal activation energies, E,; , were estimated

by fitting the experimental data in Figure 5-3 to

o = 03+ 0,
Oy = 0o+ C,TP/27%) exp—E,, /(k5T)],
o, = C,TPe/2=%) exp[—E,y/(2k5T)], (5.2)

where (3, = 1/2,1,3/2 for 1D, 2D, and 3D transport [97], respectively, ogp is the
temperature independent impurity band conduction at the surface of a nanowire, and
(—as,c) comes from the temperature dependence of mobility. We assume that the
mobility in the surface of the nanowire is mainly determined by phonon scattering
processes (a,=3/2) rather than by ionized-impurity scattering processes [77], and
therefore the net power dependence on temperature is negligible. For the core of the
nanowire, we assume a weak compensation (Np > n > N,), and an exponential
temperature dependence dominates the transport process. We simplified the fitting
by neglecting the power law behavior in Eq. (5.2). we model our nanowire to have two

conduction channels, one for the core of the nanowire and the other for the surface
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Figure 5-3: The conductivity versus 1000/ T for 15, 25, 45, and 60 nm diameter wires.
The points represent experimental data while the lines represent fits over the entire
temperature range. The donor activation energy and other fitting parameters are
reported in Table 5.1. The inset shows a scanning electron micrograph of an actual
nanowire device described in the text.
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of the nanowire. We suspect that surface segregation of impurities is taking place in
the nanowire system, resulting in a degenerately doped surface and a non-degenerate
core.

The fitting parameters in Table 5.1 show that our GaN nanowires with diameters
of 25, 45, and 60 nm have two donor levels, one shallow (0.6 - 10.8 meV) and one rela-
tively deep (42 - 73 meV). We attribute shallow levels to the impurities segregated to
the surface and relatively deep levels to the impurities in the core of the nanowires.
During a high temperature growth of the nanowires, most of the impurities segre-
gate to the surface, where impurities find energetically favorable sites, and form an
impurity band.

The temperature dependent conductivity was measured for nanowires with 4 dif-
ferent diameters and the activation energies were extracted by fitting Eq. 5.2. Each
nanowire produced 2 sets of activation energies except for the 15 nm nanowire, which
has a large fitting error (see x* in Table 5.1). So we excluded the data point for
the 15 nm nanowire and plotted the activation energy versus radius in Figure 5-4 for
the other three nanowires. The thermal activation energy for the impurity increases
substantially as the diameter of the nanowires decreases, which could be attributed

to the dielectric confinement [59, 60].

Table 5.1: The fitting parameters for the conductivity as a function of temperature
given in Eq. (5.2) for nanowires with four different diameters. The 15nm nanowire has
a large x? value because the curve fitting is poor in the low temperature region. The
deviation of the fitting curve from the experimental data points is not noticeable in
the provided linear plot (Figure 5-3). We also didn’t find two values for the ionization
energy for the 15 nm nanowire and therefore excluded the data point for the 15 nm
nanowire in Figure 5-4.

D [nm] | C, [(Qem)~']  Eqy [meV] C. [(Qcm)~!] E,, [meV] o, [(Qem)™] 2
60 23.940.8 0.6+0.1 30.4+1.2 41.8+£1.9 108.1£0.9  0.04
45 67.3+£0.9 2.6+0.1 47.5+1.9 44.7+2.8 171.7+£0.2  0.09
25 55.5+2.1 2.240.1 20.6+14.3  73.2+37.9 2.1+0.6 0.56
15 240.8+12.0  10.840.7 0 N/A 1.942.1 38

2
* Note: The chi-square is defined as x? = ZN 1 (&%ﬂ) , where y; is the mea-

1=
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Figure 5-4: Activation energies from the fit of the data given in Figure 5-3 as a
function of inverse wire radius. The lines are linear fits to the experimental data.

sured data point, f(z;) is the fitting value and o? is the variance in the measured
data. The reduced chi-square, x?, is given as x%/v, where v = N —p — 1, N is the
number of observations and p is the number of fitting parameters. The good fit is

said to be achieved when %2 is close to one.

This self-energy effect arises via the interaction between the electrons bound to
the donors and the surface polarization charges induced by the donor nucleus when
there is a significant dielectric mismatch between the nanoscale system and its sur-
roundings. For typical nanowires with a diameter larger than 10 nm, the shift of
the conduction band edge due to quantum confinement is much smaller than the di-
electric confinement effect. The shift in donor binding energy due to the dielectric
confinement is calculated using [59, 60]

2 Ein — Cout oy Ein )

~
AE = E[ — E[O ~ = —
Einll€in + €out  Eout R

[eV], (5.3)
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in which v is the slope of AE vs. 1/R and

Flo) ~ 0.09492% + 17.39522 -+ 175.739z + 200.674
= 22 + 50.841z + 219.001

[eV-nm]. (5.4)

In Eq. (5.3), the self-energy correction to the impurity ionization energy is given.
The slope v depends on the dielectric constants of the nanowires and of their surround-
ings. Eq is the ionization energy of impurities in bulk GaN, which is independent of
the radius. Figure 5-4 shows the radius-dependent ionization energy for CVD grown
GaN nanowires. The value of the slope obtained from the fit to the radius dependent
ionization energy data (E,y in Figure 5-4) is 0.7 £ 0.1 eV-nm. The value of ~, calcu-
lated from Eq. (5.3) assuming GaN nanowires were surrounded by helium gas, is 0.77
eV-nm and is within our fitting error. Since the nanowires are lying on a SiO, surface,
we might expect to see some dielectric effect from the SiOy as well. However, given
that the contact area to the SiO, substrate is fairly limited, the effect of the SiO5 on
the F,o states was not observed. The FE,; states are fairly shallow and did not seem
to display a strong dependence on the radius of the nanowires that were studied. We
think it might be that E,; is coming from the impurity band formed near the surface

based on the shallow ionization values of 0.6 - 2.6 meV (see Table 5.1).

The bulk ionization energy, Eyo , is estimated to be 16.2 + 5.8 meV by fitting the
equation £ = % + Eyg to the E,5 values in Figure 5-4. The activation energy of 16.2
meV is within the range for the donor ionization energy of either Si or O impurities
or N vacancies [80, 81, 82, 83]. An alternative method such as a local electrode atom
probe [70] or secondary ion mass spectrometry (SIMS) [69] is needed to identify the

impurities present in these semiconductor nanowires.

In the low temperature region of Figure 5-3, a shallow impurity band at the surface
of the GaN nanowire dominates the conduction behavior. All four nanowires displayed
a minimal temperature-dependence of the conductivity with almost no activation in
the low temperature region, which indicates the formation of an impurity band a few
degrees above the Mott limit [98]. The transition from the localized impurity state to

the delocalized impurity band occurs when d/ag < 2.5 , where d = [3/(47Ny)]*/ and
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ap = 0.53(me/m*)(¢/eo) [A] is the impurity Bohr radius. Using m*/mg = 0.22 and
e/eo = 8.9, the bulk values for Wurtzite GaN, the impurity Bohr radius is calculated
to be around 21 A. From the impurity Bohr radius, we can deduce the critical donor
concentration to be ~ 1.6 x 10'® ecm™ |, which is one order lower than the donor
density predicted for our GaN nanowires by the simple calculation using Eq. (4.1).
This back-of-the-envelope type calculation suggests that the donor concentration in
our nanowire is high enough for an impurity band to form, even though a new criterion

for the critical donor concentration may be necessary in nanoscale systems [60].

5.3.2 Confirmation of a Size-dependent Ionization Energy in

GalN Nanowires

In section 5.3.1, a nanowire lying on a SiO,/Si substrate is discussed. In this con-
figuration, a nanowire experiences an inhomogeneous surrounding dielectric and this
dielectric inhomogeneity might create uncertainty in interpreting the dielectric effect.
In order to confirm the size-dependent behavior observed in section 5.3.1, a suspended
nanowire structure and SiO, coated nanowire structure are fabricated as described in
sections 5.2.2 and 5.2.3, respectively.

The conductivity as a function of temperature is measured for these two differ-
ent configurations, suspended and SiO, coated, each with three different diameter
nanowires. This conductivity vs. temperature plot for the suspended nanowire is
shown in Figure 5-5 and the plot for the SiO, coated nanowire is shown in Figure 5-7.
These conductivity data points are fitted with Eq. (5.2) as described in section 5.3.1
and activation energies are extracted. The resulting plots of activation energy vs. in-
verse radius are shown in Figures 5-6 and 5-8, respectively for the suspended nanowires
and for the SiO, coated nanowires.

First, we discuss the size-dependent transport data. In Figure 5-6, the activation
energy, Fqo, is inversely proportional to the nanowire radius with the slope v =
0.70£0.07 eV-nm. This determined value agrees well with the theory which predicts

v = 0.77 eV-nm for a freely suspended nanowire configuration with relative dielectric
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constants 8.9 and 1, respectively for GaN and helium gas. We further tested the
surrounding dielectric effect on nanowires by coating nanowires with SiO, as described
in section 5.2.3. The theory predicts v = 0.18 eV-nm assuming a relative dielectric
constant value of 3.9 for SiO;. The experimental value, shown in Figure 5-8, is
v = 0.310+0.083 eV-nm, which is larger than the calculated value of 0.18 eV-nm. This
disagreement might be due to the quality of the SiO, coating around the nanowire and
its relative dielectric constant value. However, the trend of decreasing v slope with
decreasing dielectric mismatch between the nanowire and the surrounding dielectric
is correct. We can predict what the dielectric constant of the surrounding dielectric
should be, assuming that the fitting to the experimental data is reliable and the
theory is correct. The fitting value, v = 0.310 eV-nm, corresponds to the dielectric
constant value of about 2.6. This low dielectric constant value indicates that the SiO,
coating around the nanowire is not very dense.

We now discuss the size-independent transport data. Both the suspended nanowire
and the SiO, coated nanowire seem to have a second transport channel independent
of the nanowire radius. The activation energy, E,;, is independent of the nanowire
radius as shown in Figures 5-6 and 5-8, respectively, for the suspended nanowire and
SiO; coated nanowire. We attribute this behavior to the impurity band conduction
in which carriers conduct within the impurity band without being ionized into the

conduction band.

5.3.3 Hopping Conduction in GaN Nanowires

There have been a few reports of variable-range hopping conduction in the nanowires
contacted with the focused-ion-beam (FIB) technique [95, 96]. The FIB-induced
amorphization in the nanowires was shown as the cause of the variable-range hopping
conduction in references [95, 96]. Here we present results showing that nanowires
without any apparent damage to the crystalline structure also display variable-range
hopping. We speculate that the random distribution of impurity atoms in the semi-
conductor nanowire creates an effect related to a disordered crystal. In a disordered

crystal, the energy of localized states is spread over a wide range. The nearest neigh-
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Figure 5-5: The conductivity versus 1000/ T for suspended nanowires with 20, 28, and
40 nm diameters. The points represent experimental data while the lines represent
fits over the entire temperature range.
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Figure 5-6: Activation energies for the suspended nanowires from the fit of the data
given in Figure 5-5 as a function of inverse wire radius. The lines are linear fits to
the experimental data.
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Figure 5-7: The conductivity versus 1000/ T for the SiO; coated nanowires with 27,
36, and 96 nm diameters. The points represent experimental data while the lines
represent fits over the entire temperature range. For the 27 nm diameter nanowire,
the fitting does not include the last two data points because at these low temperature
points a gap structure developed for this nanowire.

112



S aof g slope: 031020083 cVam i

@ |} 92 intercept: 44+ 5meV .

& 30} Theory: 0.18 ¢Vam )

“ i L

= 20} j
' slope: -0.0008 + 0.00002 eVam

10} s
" E., intercept:1.056£0.001 meV
OF - - _..¢_1
r ™ 3 2 ] . 3 ™
0.00 0.02 0.04 0.06 0.08
1 o1
R (nm)
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bor localized states can have widely different energy levels and the hopping to the
nearest neighbors becomes costly and less likely. Thus hopping to further away but
less energy-costly localized states dominates at low temperatures. In the case of
Mott’s variable-range hopping model, the low-temperature conductivity can be ex-

pressed as
o = ogexp[—(T"*/T)"] (5.5)

where T* = 1/[\*N(Er)kp] is Mott’s characteristic temperature, with v = 1/2, 1/3,
or 1/4 for 1D, 2D, or 3D hopping conduction, respectively. Here A is the localization
length, and N(EF) is the density of localized states at the Fermi level. The con-
ductivity of the 60 nm diameter nanowire in the low temperature regime displayed a
temperature dependence which can be described by the variable-range hopping con-
duction process. Fitting the low-temperature part of the 60 nm nanowire curve in
Figure 5-9 to Eq. (5.5) yielded v = 0.52 + 0.17 as shown in Table 5.2. This value
for v is comparable to Mott’s 1D variable-range hopping model. Our fitting result
can also be explained by the possible existence of a soft Coulomb gap in the density
of localized states near the Fermi level due to the long-range Coulomb interaction of
the localized electrons as proposed by Efros and Shklovskii [99]. However, our low-
temperature conductivity data did not corroborate the formation of the gap structure.
The localization length can be estimated from the Mott’s characteristic temperature,
T™ , which was fitted to be 0.1540.08°K as reported in Table 5.2. A plausible value
for N(Ep) = 7 x 10 eV~!- ¢cm™ yielded an extremely large value, 50 nm, for the
localization length, which is approximately the diameter of the nanowire, suggesting

the occurrence of 1D hopping conduction in our nanowires.

Table 5.2: The fitting parameters to Eq.( 5.5) for the nanowire with a diameter of 60
nm. Other nanowires did not display the clear characteristics of the variable-range
hopping conduction.

T* v In oy X
0.154+0.08 | 0.52+0.17 | 4.90+0.05 | 4.3- 10~
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Figure 5-9: A plot of Ino versus inverse temperature in the low temperature region
for the 60 nm nanowire. The fitting parameters for the Mott hopping conduction are
reported in Table 5.2.
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5.4 Conclusions

We have studied the transport properties of GaN nanowires surrounded by a dielec-
tric medium. In traditional bulk semiconductor based devices, electrical transport
properties are not determined by the surrounding dielectric medium or the size of the
device. However, in semiconducting nanowire devices, we found that the electrical
transport properties are significantly modified by the presence of the surrounding di-
electric medium and the size of the nanowire. T'wo sets of impurity ionization energies
were found. The first impurity ionization energy was shallow and did not depend on
the radius of the nanowires measured, while the second impurity ionization energy
displayed the inverse radius dependence. We speculate that there exist two conduc-
tion paths for the nanowires, namely the core and the surface of the nanowires. Since
impurities tend to segregate to the surface of the nanowire [100], we imagine that the
impurities form an impurity band at the surface of the nanowire and charge carriers
conduct within the impurity band without being ionized into the conduction band,
and therefore the conductivity activation energy is shallow and independent of the
nanowire radius. On the other hand, the impurities at the core of the nanowire do
not form an impurity band and supply the carriers into the conduction band and this
process requires an ionization energy, which is enhanced by the dielectric confinement
and depends on the nanowire radius. This new observation suggests that, when de-
signing nanoscale devices, special attention should be paid to the dielectric medium
since the electrical properties can be modified significantly by the surrounding di-
electric. We also found that nanowires can be used to study transport phenomena
in a one-dimensional disordered system since variable-range hopping conduction was

observed in our nanowires.
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Chapter 6

Conclusions and Future Directions

6.1 Conclusions

Surfaces are often ignored in modeling the physical properties of bulk solids but
play a major role in explaining the physical properties of nanostructures. Therefore
a detailed and systematic investigation of the role of surfaces in determining the
electrical properties of nanowires is essential for nanowire devices. This thesis presents
a systematic experimental study of the significant role surfaces play in the electrical
properties of GaN nanowires and provides the theoretical background to understand
our results.

GaN nanowires were grown in house by the hydride vapor phase epitaxy (HVPE)
or the chemical vapor deposition (CVD) methods. Both HVPE and CVD meth-
ods exploited the vapor-liquid-solid (VLS) growth mechanism [25] using Ni catalyst
nanoparticles. TEM and XRD studies indicate that both HVPE and CVD grown
GaN nanowires exhibit the wurtzite single crystal structure, which is the more com-
mon crystal structure for GaN than the zincblende crystal structure. We tried both
nickel and gold nanoparticles as catalysts in both the HVPE and CVD growth meth-
ods and found that only Ni catalyst nanoparticles promoted GaN nanowire growth,
possibly due to the low solubility of both Ga and N in gold. We were able to grow the
HVPE GaN nanowires epitaxially on a c-plane sapphire substrate. Control over the

nanowire growth is important because many materials characteristics depend on the
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crystal orientation. Ni catalyst nanoparticles were rarely found at the tip of either the
HVPE or CVD grown nanowires. This absence of a catalyst nanoparticle remaining
at the tip of our nanowires contradicts the VLS growth mechanism and might indicate
the incorporation of Ni in our nanowires. All the GaN nanowires that were grown
were n-type semiconductors and had a considerable amount of impurities in them as
indicated by transconductance measurements. In order to identify the impurities and
defects in our GaN nanowires, we tried energy-dispersive x-ray spectroscopy (EDS)
on both the HVPE and the CVD grown GaN nanowires. Within the detection limit
of EDS (0.5 at. %), we did not find any particular foreign element, such as Ni, in
our nanowires. These characterization results justified the important fundamental
assumptions and provided valuable information for modeling and understanding the

electrical transport properties of GaN nanowires.

GaN nanowire field-effect transistors (FET) were fabricated on top of a dielectric
insulator (Figure 2-2(b)) to study the device characteristics along with the materials
characteristics. The fabrication of nanowire FETs requires many steps of carefully
designed semiconductor processing. Once the nanowire devices were fabricated, the
devices were handled with care to prevent the destruction of the nanowire devices due
to electrostatic discharge. A method and a procedure for preventing the burnout of
nanowires by electrostatic discharge was developed. These fabrication techniques and
the methods developed in this thesis are general and applicable to any nanostructured

devices.

We were able to form ohmic contacts to GaN nanowires by removing both the
polymers left from the lithographic process and the amorphous oxide layer. A Schot-
tky barrier normally forms at the metal-semiconductor interface. However, the high
doping level ( ~ 10'® cm™3) present in our nanowires reduces the space charge region
and allows the carriers to tunnel through a thin barrier and thus ohmic contact is
formed. An average specific contact resistivity value of 1.10~% Q-cm? was achieved for
CVD grown GaN nanowires. Our contact resistivity value is a several times better
than the values reported by others [75]. The capability to form ohmic contacts to

nanowires is essential not only for the performance of nanoelectronic devices but also
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for obtaining the electrical properties of nanowires.

A field effect mobility value of ~ 18 cm?/V-s was measured for the CVD GaN
nanowire. This value is one order of magnitude smaller than the reported electron
Hall mobility value of 140 cm?/V-s obtained for bulk GaN with a similar doping
concentration [101]. We note here that the field effect mobility is supposed to be a few
times smaller than the Hall mobility because of the extra scattering from the surface
conduction channel in FET devices. This reduced mobility for our GaN nanowire is
most likely due to the reduced mobility in impurity band conduction at the surface
of our GaN nanowires under an applied gate bias. Photoluminescence measurements
were performed on both HVPE and CVD grown GaN nanowires at room temperature.
A redshift of the near-band-edge emission was observed in both HVPE and CVD
grown GaN nanowires. This redshift indicated that a band renormalization was taking
place, due to heavy concentration of impurities in our GaN nanowires. An enhanced
relative intensity of the broadband yellow luminescence has been also observed in CVD
grown GaN nanowires which have a smaller average diameter than the HVPE grown
nanowires. This PL data supports the model of deep-level luminescence originating
from surface states because an enhanced surface-to-volume ratio in smaller diameter
nanowires would increase the relative intensity of the emission from surface states [71].
Insights gained from these experiments can provide new ideas on how to improve the
performance of nanoelectronic devices and and eventually lead to a new breed of

devices.

Systematic transport measurements were carried out for CVD grown GaN nanowires
as a function of temperature, wire radius, and surrounding dielectric. In order to test
the effect of the surrounding dielectric medium, nanowires with three different sur-
rounding configurations were prepared. Nanowires are either lying on the SiO,/Si
substrate, freely suspended between the metal contacts, or embedded in SiO,. Con-
ductivity measurements identified two separate electrical conduction channels in our
CVD grown GaN nanowires. Two conduction channels are due to the core and the
surface of the nanowire. The conduction in the core of the nanowire depends on the

nanowire radius and the conduction in the surface of the nanowire does not show a
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radius dependence. The observed size-dependent conduction is shown to be due to
the mismatch between the dielectric constants of the nanowire and its surroundings.
As we increase the dielectric mismatch between the nanowire and the surrounding
dielectric, an increasing dependence of the donor ionization energy on the inverse
radius is observed. The dependence coefficient « increases from 0.31+£0.08 eV-nm to
0.70+0.07 eV-nm as the surrounding dielectric constant decreases from 3.9 (SiOz) to
1 (He gas). The size-independent conduction is attributed to impurity band conduc-
tion at the surface of GaN nanowires. We speculate that the surface of the nanowire
is degenerately doped with impurities because impurities tend to segregate to the
surface [100]. These impurities at the surface form an impurity band which provides
a channel for impurity band conduction. This impurity band conduction does not
need carriers to be ionized into the conduction band and is therefore independent of
the nanowire radius. On the other hand, the impurities in the core of our nanowires
contribute to the conduction by donating carriers to the conduction band. Therefore
the impurity ionization energy depends on nanowire radius.

Recently, semiconducting nanowires are being considered for a wide range of ap-
plications and have been drawing considerable research interest. Therefore a detailed
study of the electrical properties of nanowires are timely and important. Further-
more, analysis of the surrounding dielectric effect on the transport properties of GaN
nanowires is very much relevant because any nanowire-based device would typically
have a dielectric mismatch with its surrounding medium. Our work is the first ex-
perimental research to report on a size-dependent conductivity due to the dielectric

confinement effect.

6.2 Future Directions

An accurate chemical analysis of grown nanowires would immensely benefit the growth
quality of nanowires paying attention to the specific growth mechanism that was
used. For bulk materials, secondary ion mass spectrometry (SIMS) is typically used

to identify the impurities in the materials, and there exists a report of applying this
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technique to identify the impurities in semiconducting nanowires [69]. The drawback
of this measurement method is that it requires a high concentration of nanowires and
has a poor spatial resolution. An alternative method is the LEAPT (local electrode
atom probe tomography) which tears atoms away from the length of the nanowire
starting from the tip of the nanowire to the base of the nanowire to construct a 3-
dimensional chemical analysis of the nanowire [70, 102]. However, the difficulty with
this method is that this technique requires a certain alignment of the nanowires, an
array of the nanowires which are well separated from each other and vertically planted
on the substrate. The as-grown GaN nanowires usually tend to grow densely over
the entire region of the growth substrate, and this alignment is not suitable for the
LEAPT technique. Also for device applications of the nanowires, the capability to
grow a regular array of nanowires would be very useful for device integration. Alter-
natively a post-growth assembly technique can be used for the device integration of
the nanowires. These techniques include the dielectrophoretic method [20], the fluidic

method [103], and the Langmuir-Blodgett method [104].

As we have seen in this thesis, the surface plays an increasingly important role as
the surface-to-volume ratio becomes significant in our nanowires. Therefore an exper-
imental tool to monitor the electronic states at the surface of nanostructures would
be necessary to study nanostructures. Electron spin resonance (ESR) spectroscopy
can detect chemical species with one or more unpaired electrons and could be useful
for studying the surface states of GaN nanowires. Recently there has been a report of
applying ESR techniques to study defects in Si nanowires [105]. These defects, which
are identified at the Si/SiO, interface and the SiO, shell, are shown to be eliminated
by hydrogen passivation. ESR measurements can also be used to study the dielectric
confinement or quantum confinement effect since it can measure the hyperfine split-
ting, which is proportional to the modulus squared of the ground state wavefunction
on the impurity atom, and is therefore expected to be enhanced as the ground state
wavefunction is confined dielectrically. Our initial photoluminescence measurements
have indicated the presence of a broad sub-bandgap luminescence associated with

defect states. The further systematic study of the photoluminescence as a function
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of wire diameter would be of great interest.

In order to improve the nanostructured device performance, we need to consider
the effect from the surrounding dielectric, surface states, and impurites. Semicon-
ducting nanowires can be embedded in the dielectric material rather than be on top
of a dielectric insulator. The embedded-nanowire is expected to show an increase in
capacitance by about a factor of two compared to twice that of the non-embedded
nanowire. The electric field distribution around the nanowire is also more favorable for
the embedded-nanowire configuration than that of the non-embedded nanowire con-
figuration since the breakdown field of the gate oxide is reached at a much lower gate
bias for the non-embedded-nanowire configuration than for the embedded-nanowire
configuration. Therefore, the embedded-nanowire configuration enhances the gate
control of the carrier density inside the nanowire. Lowering the background doping
level during the growth step will also result in a reduced scattering of the carriers
from the charged donors. Impurities are expected to segregate to the surface of the
nanowire and to form a complex with the dangling bonds at the surface [100]. The
passivation of the surface can neutralize the impurities and reduce the scattering from
the surface.

Core/shell heterostructures should be an important direction of future study. It
has been reported that core/shell heterostructures can be exploited to enhance the
mobility of carriers in nanowires by reducing the scattering from the charged impuri-
ties [106]. The core/shell heterostructure consists of a narrow band gap semiconduct-
ing nanowire for the core and a wide band gap material as the cladding layer which
is epitaxially grown on the core. This heterostructure reduces the electron scattering
from the surface by confining the electrons in the core and also by passivating the
dangling bonds at the surface of the core. This type of core/shell structure should
find applications not only for use in high mobility FETs but also in high efficiency

light-emitting devices.
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