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Chapter 1

Introduction and Outline

1.1 Spintronics

Spintronics or spin-based electronics relies on both the charge as well as the spin
of the electron to store and process information in different types of device geom-
etry [1, 2]. The discovery of the giant magnetoresistance (GMR) effect [3, 4] and
the tunneling magnetoresistance (TMR) [5, 6, 7, 8, 9] effect in magnetic thin film
based devices has led to the rapid evolution of this interesting branch of science
and technology. New functionalities such as non volatility and high endurance,
faster processing speed, easy integration with existing complementary-metal-oxide-
semiconductors (CMOS) architecture, high density etc., are the key factors instru-
mental for the successful commercialization of spin-based devices. In the last decade,
the emergence of new phenomena in Spintronics [10, 11, 12, 13] has created new
research opportunities, both in terms of the observation and understanding of fun-
damental phenomena involving the creation, transport and control of spins, as well
as the emergence of new material systems and/or efforts for their integration with
existing CMOS devices.

Transport (both charge and spin) has been widely studied in spintronic devices
based on the giant magnetoresistance and the tunnel magnetoresistance effects. GMR
and TMR devices relies on the spin dependent transport of electrons in thin ferro-
magnetic layers separated either by a metallic spacer layer, in the former or a thin
insulator as in the latter. A functional integration of such devices with conventional
semiconductors (as Si), is expected to enlarge the prospects in Spintronics by the
ability to tune charge and spin transport and their dynamics in semiconductors, in
addition to that in the GMR and TMR layer stacks, and over energy regimes that
are essential to the operation of such hybrid devices. In this context, hybrid devices
as the Spin Valve Transistor (SVT) and the Magnetic Tunnel Transistor (MTT) are
worth mentioning [14, 15, 16]. Using such three terminal devices, fundamental in-
sights into spin transport in metallic ferromagnets were obtained. Probing energy
states that are above/below the Fermi level, studies involving such non equilibrium
electron and hole states, have yielded quantitative estimates of different transport
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parameters as the scattering time and attenuation lengths, dependence of spin po-
larization with energy, spin dynamics etc., from studies involving spin polarized
electron spectroscopy [17, 18, 19] and/or solid state devices. The work described
in this thesis rests on such established concepts and findings of hot electron trans-
port demonstrated using SVT, MTT or in other hot electron spectroscopy. The key
findings of this thesis are related to the study of new hot electron devices using
epitaxial interfaces with Si and Graphene on Si, that yields fundamental insights
into the charge and spin transport and the contribution of the different scattering
mechanisms in the spin valve or at such Schottky interfaces. Using the momen-
tum scattering of the spin filtered hot electrons at such epitaxial Schottky interface,
features in spin transport, that can be correlated to the local band structure in the
underlying semiconductor of Si were demonstrated. Besides, extensive study of
the transport and scattering processes of the directly injected hot carriers and the
secondary carriers, created by electron-hole pair generation was shown to exhibit a
larger attenuation length for the scattered carriers, in different metal base layers in
our devices, a significant finding, that was not known earlier.

1.2 Graphene

Graphene, a monolayer of sp2 hybridized honeycomb lattice of carbon atoms, pos-
sesses several interesting material and transport properties originating due to its
unique band structure at the charge neutrality point. Graphene was first isolated
by mechanical exfoliation in 2004 by Novoselov and Geim [20], and is known to ex-
hibit excellent mechanical and electrical properties as demonstrated in several stud-
ies [21, 22]. In contrast to conventional semiconductors, charge carriers in graphene
can be described by the “massless” Dirac Fermions having the speed of vF≈106 m/s
(only 300 times smaller than the speed of light). Due to very high Fermi velocity (vF )
of the charge carriers in graphene, they are expected to propagate without scattering
(ballistic transport) over large distances of the order of µm. Because of low spin orbit
interaction and weak hyperfine interaction in graphene, long spin relaxation length
and time has been measured in a non-local spin transport geometry [23, 24, 25].

But beyond such lateral transport studies, graphene is now being used in dif-
ferent interesting device configurations that reveals other fundamental properties
in Graphene. One such configuration is the vertical device geometry where trans-
port is perpendicular to the graphene layer. Graphene forms a Schottky barrier with
Silicon and the Schottky barrier can be tuned by an applied gate voltage which re-
ported as a barristor effect [26]. Further, Graphene has also been used as a tunnel
barrier when it is sandwiched between two ferromagnetic electrodes in a MTJ [27].
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Figure 1.1: In this thesis, nanoscale (spin-) transport of hot electrons has been investigated
in metallic thin films and/or graphene, graphite on a semiconducting substrate using BEEM.
The interface between a metal layer and/or graphene, graphite with a semiconducting sub-
strate forms Schottky barrier. It has been recently demonstrated that graphene sandwiched
between two metallic layers acts as a tunnel barrier.

In our work we use graphene for vertical transport through graphene/graphite and
across Gr/Si interface using a different device scheme based on hot electrons that
reveal characteristics of ballistic transport across such thin Metal/Semiconductor
Schotkky interfaces [28] as well as other transport characteristics that are intrinsic to
graphene.

1.3 Scope of this thesis

The work presented in this thesis aims to provide a better fundamental understand-
ing of hot electron transport in hybrid systems as metallic spin valve and across
graphene/silicon interface at the nanoscale, as schematically represented in Fig. 1.1.
Hot electrons are becoming increasingly popular to study the relaxation and dynam-
ics of excited electrons in different physical and chemical processes and in different
material systems. An ambitious plan is to combine epitaxial interface with Si and/or
with graphene to study hot electron transport in different epitaxial interfaces on Si.

In this thesis, hot electron transport across highly epitaxial NiSi2/Si is inves-
tigated (Chapter 4). Such epitaxial interfaces are commonly used as contacts in
CMOS technology because of their excellent metallicity and high thermal stability.
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The versatile technique of Ballistic Electron Emission Microscopy (BEEM) [29] has
been employed for this purpose. Our experimental observations clearly underpins
the importance of elastic and inelastic scattering to hot electron transport using such
epitaxial interfaces and for different metal films and matches well with a theoreti-
cal calculation done for ballistic transport in such interfaces. Further, we report on
an important finding related to the relative insensitivity of the energy dependent
hot electron attenuation length, measured in Ni, across two different Schottky inter-
faces viz. that of epitaxial Si(111)/NiSi2 and polycrystalline Si/Au. This insensitiv-
ity is interesting, despite the fact, that the collected current in a device structure of
Si(111)/Au(NiSi2)/Ni(t nm)/Au is larger for all Ni thicknesses (t) across the epitax-
ial interface than across the polycrystalline interface. Using the two complementary
modes of Ballistic Electron Emission Microscopy (BEEM) viz. the direct-BEEM and
the reverse-BEEM, we study the transport and scattering processes of both directly
injected hot electrons and secondary electrons that are created by electron-hole pair
generation in epitaxial NiSi2 across an Si(111)/NiSi2 interface. An important finding
is that the secondary electrons created by hot hole injection have a larger attenuation
length as compared to the direct hot electrons. Further, their energy dependence
exhibits features that reflects the energy distribution of the injected and scattered
electrons, the role of conservation of parallel momentum in such epitaxial interfaces
and density of states features in epitaxial NiSi2.

Because of some technical issues, we abandoned the idea of fabricating spin
valve devices on such highly epitaxial silicide interfaces, but pursued a different
approach to fabricate and study hot electron spin transport in other epitaxial Schot-
tky interface. For this we use epitaxial Cu/Si interface (Chapter 5). We report that
the effective attenuation length of excited electrons or holes are always higher that
the directly injected electrons or holes. However, the transmission in reverse mode
is lower than the direct mode. Further, using such interface and metallic spin valve
led to the observation of unique features of spin transport as shown in Chapter 6.
The innovative aspect of the study lies in using the momentum scattering of the
spin filtered hot electrons at such epitaxial Schottky interface to probe features in
spin transport in such devices that can be correlated to the local band structure in
the underlying semiconductor of Si. Thus, it is the unique combination of the epi-
taxial oriented Schottky interface, hot electron scattering in metallic spin valves and
the local probing capabilities of the BEEM that makes this work unique, innovative
and interesting. Thereafter we use the similar spin valve structure with graphite in
the spacer layer and measure reduction in transmission in presence of graphite with
no loss of spin information in Chapter 7.

In Chapter 8, we use the local technique of BEEM to study hot electron transport
perpendicular to the plane of graphene deposited on Si. We investigate the temper-
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ature dependence of the rectifying characteristics of the graphene/silicon interfaces
and use large scale CVD-graphene/silicon interface for the study of local hot elec-
tron transport in graphene on Si. This work has led to a few interesting insights into
the unconventional characteristics of hot carrier transport using this device geome-
try.

1.4 Outline

The experimental work presented in this thesis can be divided into two kinds of
nanoscale hot electron transport i.e. spin-independent as well as spin-dependent.
Three types of M/S interfaces are investigated for this purpose, namely, i). across
highly epitaxial NiSi2/Si interface, ii). across nearly epitaxial Cu/Si interface, and
iii). across graphene/Si interface. We have also investigated hot hole transport using
p-type Si in Chapter 5. Here a brief overview of the content of each chapter is given:

• Chapter 2 discusses recent examples of metal base unipolar hot-electron tran-
sistor devices. An overview of the basic principles of BEEM and related tech-
niques with few examples from the published work is given. All possible
scattering mechanisms during transmission of hot electrons through the metal
base is discussed. Lastly, the unique capability to perform magnetic imaging
of domain walls (360◦) at the nanoscale by the magnetic version of BEEM is
discussed.

• Chapter 3 describes the experimental techniques used in this work. The modi-
fications in the STM system by us to make it suitable for the BEEM and related
experiments are discussed. The techniques for basic structural, electrical and
magnetic characterization are described briefly. This also includes the stan-
dard wafer processing steps and the various deposition methods for BEEM
sample fabrication.

• Chapter 4 presents our experimental results of nanoscale hot electron transport
across a highly epitaxial NiSi2/Si interface. Molecular beam epitaxy (MBE)
deposition system is used for the growth of the metallic layers. Hot elec-
tron transport is investigated across different crystal orientations of epitaxial
NiSi2 on Si(111). Thereafter, growth of a single type of NiSi2 is optimized and
hot-electron attenuation length in ferromagnetic Ni is compared using epitax-
ial NiSi2/n-S(111) Schottky interface as well as polycrystalline Au/n-Si(111)
Schottky interface. Finally, the hot electron attenuation length of NiSi2 for
both direct and scattered electrons are presented.



6 1. Introduction and Outline

• Chapter 5 covers the hot electron and hot hole experiment across nearly epitax-
ial Cu/Si interfaces. An electron beam evaporator with in-situ deposition facil-
ities for eight materials is used in this chapter as well as in rest of the chapters
in this thesis. Hot electron transport and extraction of the energy dependence
of the attenuation length in Cu on both n-Si(100) and n-Si(111) substrates are
investigated.

• Chapter 6 describes nanoscale spin transport experiment in the spin valve fab-
ricated on well established Cu/n-Si(100) Schottky barrier template. Co and
NiFe thin films are used as the two ferromagnetic layers in the spin valve. In
the first part, unusual features in the bias dependent of spin transport is ob-
served and considered to be an evidence of spin scattering and collection of
hot electrons at different conduction minima in Si. In the second part, mag-
netic imaging of spin transport is shown. From the 360◦ domain wall as ob-
served in our spin valve device, it has been demonstrated that the magnetic
resolution is 16 nm and considered to be the best so far. In the last part, the spin
dependent hot electron attenuation length of spin Majority and spin Minority
in NiFe (Py) is extracted by using the standard analytical expressions.

• Chapter 7 presents the spin dependent hot electron transport in thin graphite
flakes used as the spacer in a standard spin valve experiment with Cu/n-Si
Schottky interface. We observe no measurable loss of spin information for a 16
nm thick graphite flake, consistent with a previous report on similar experi-
ment. However the overall transmission is now recorded to be approximately
1.8-2 times lower on the flake than without the flake. This is different from
an earlier report where a 17 nm thick graphite flake was found to be almost
transparent to hot electrons at similar energies. We explain our findings taking
into account the growth of the metallic layers sandwiching the graphite flake
and the energy and momentum sensitivity of the epitaxial Cu/Si Schottky in-
terface to hot electron spin transport.

• Chapter 8 describes the macroscale electrical (I-V) transport as well as nanoscale
hot electron transport across graphene/Si Schottky interface. Graphene ob-
tained from both exfoliation and chemical vapor deposition (CVD) are used
for this purpose and a series of temperature dependent I-V measurements of
the rectifying barrier are presented. Hot electrons and hot holes are injected by
the STM tip for the BEEM studies and the observation of anomalous transport
of hot carriers across the CVD-Gr/n-Si interface is discussed.
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