
 

 

 University of Groningen

Hot electron transport in metallic spin valve and graphene-silicon devices at the nanoscale
Parui, Subir

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2013

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Parui, S. (2013). Hot electron transport in metallic spin valve and graphene-silicon devices at the
nanoscale. s.n.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://research.rug.nl/en/publications/17909f8a-803c-4ce4-af13-0366ce3221b2


Hot electron transport in metallic spin valve and
graphene-silicon devices at the nanoscale

Subir Parui



Zernike Institute PhD thesis series 2013-20
ISSN: 1570-1530
ISBN: 978-90-367-6393-6 (printed version)
ISBN: 978-90-367-6392-9 (electronic version)

The work described in this thesis was performed in the research group Physics of Nanode-
vices of the Zernike Institute for Advanced Materials at the University of Groningen, the
Netherlands. This work is part of the Vidi grant from the Netherlands Organization for Sci-
entific Research (NWO) and the national NanoNed and NanoLab NL initiatives.

Cover design by: Roald Ruiter
Printed by: Ipskamp Drukkers, Enschede



RIJKSUNIVERSITEIT GRONINGEN

HOT ELECTRON TRANSPORT IN METALLIC SPIN VALVE AND
GRAPHENE-SILICON DEVICES AT THE NANOSCALE

Proefschrift

ter verkrijging van het doctoraat in de
Wiskunde en Natuurwetenschappen
aan de Rijksuniversiteit Groningen

op gezag van de
Rector Magnificus, dr. E. Sterken,
in het openbaar te verdedigen op

vrijdag 6 september 2013
om 12.45 uur

door

Subir Parui

geboren op 8 april 1986
te Narasinghabati, India



Promotores: Prof. dr. T. Banerjee
Prof. dr. ir. B. J. van Wees

Beoordelingscommissie: Prof. dr. P. Rudolf
Prof. dr. J. S. Moodera
Prof. dr. M. Münzenberg



dedicated to my parents and family...





Contents

1 Introduction and Outline 1
1.1 Spintronics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Graphene . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.3 Scope of this thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.4 Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2 Ballistic Electron Emission Microscopy and Related Techniques 9
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.2 Hot and Ballistic electrons . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.2.1 Hot electron devices . . . . . . . . . . . . . . . . . . . . . . . . 11
2.2.2 Rectifying metal/semiconductor (M/S) Schottky collector . . 12

2.3 Ballistic Electron Emission Microscopy (BEEM) . . . . . . . . . . . . . 15
2.3.1 Spectroscopy and imaging . . . . . . . . . . . . . . . . . . . . . 16

2.4 BEEM Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.4.1 Tunnel injection of non-equilibrium charge carriers . . . . . . 18
2.4.2 Transport across the metal base . . . . . . . . . . . . . . . . . . 18
2.4.3 Scattering mechanisms . . . . . . . . . . . . . . . . . . . . . . . 19
2.4.4 Electron attenuation length . . . . . . . . . . . . . . . . . . . . 20
2.4.5 Transmission across the M/S interface . . . . . . . . . . . . . . 21
2.4.6 BEEM transport models . . . . . . . . . . . . . . . . . . . . . . 21

2.5 Techniques related to BEEM . . . . . . . . . . . . . . . . . . . . . . . . 22
2.5.1 Ballistic Hole Emission Microscopy (BHEM) . . . . . . . . . . 23
2.5.2 Scattering (Reverse) BEEM . . . . . . . . . . . . . . . . . . . . 24

2.6 Ballistic Electron and Hole Magnetic Microscopy
(BEMM and BHMM) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

vii



Contents

2.6.1 Resolution of magnetic imaging . . . . . . . . . . . . . . . . . 27
2.7 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3 Experimental Equipments and Device Fabrication 31
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
3.2 The Measurement Setups . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.2.1 Ballistic Electron Emission Microscopy . . . . . . . . . . . . . 31
3.2.2 Temperature dependent electrical measurement . . . . . . . . 34

3.3 Device fabrication protocols . . . . . . . . . . . . . . . . . . . . . . . . 35
3.3.1 Processing of 4 inch wafer . . . . . . . . . . . . . . . . . . . . . 35
3.3.2 Wet chemical treatment . . . . . . . . . . . . . . . . . . . . . . 38

3.4 Deposition of metals and graphene on substrates . . . . . . . . . . . . 38
3.4.1 Molecular Beam Epitaxy . . . . . . . . . . . . . . . . . . . . . . 38
3.4.2 Electron Beam Evaporator . . . . . . . . . . . . . . . . . . . . . 39
3.4.3 Deposition of Graphene . . . . . . . . . . . . . . . . . . . . . . 40
3.4.4 Sample requirement for BEEM measurement . . . . . . . . . . 41

3.5 Device characterization techniques . . . . . . . . . . . . . . . . . . . . 43
3.5.1 Atomic Force Microscopy . . . . . . . . . . . . . . . . . . . . . 43
3.5.2 Transmission Electron Microscopy . . . . . . . . . . . . . . . . 43
3.5.3 X-Ray Diffractometer . . . . . . . . . . . . . . . . . . . . . . . . 43
3.5.4 Magnetic characterization . . . . . . . . . . . . . . . . . . . . . 44

3.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

4 Hot Electron Transport across Epitaxial NiSi2/n-Si Interface 47
4.1 Introduction and Motivation . . . . . . . . . . . . . . . . . . . . . . . . 47
4.2 Epitaxial growth and properties of NiSi2 on Si . . . . . . . . . . . . . 48

4.2.1 Epitaxial growth of NiSi2 on Si substrate . . . . . . . . . . . . 49
4.2.2 Theory of BEEM spectroscopy across NiSi2/n-Si(111) . . . . . 51

4.3 BEEM study across Epitaxial NiSi2/n-Si(111) Interface . . . . . . . . 52
4.3.1 Device fabrication and I-V characterization . . . . . . . . . . . 53
4.3.2 Hot electron transmission across NiSi2/n-Si(111) interface . . 54
4.3.3 Hot Electron Transmission in Metals using such Interface . . . 56

4.4 Hot Electron attenuation length in Ni . . . . . . . . . . . . . . . . . . 57
4.4.1 Device fabrication and I-V characterization . . . . . . . . . . . 59
4.4.2 BEEM imaging across two interfaces . . . . . . . . . . . . . . . 59
4.4.3 BEEM Transmission in Ni across polycrystalline Interface . . 61
4.4.4 BEEM Transmission in Ni across epitaxial Interface . . . . . . 62

viii



Contents

4.4.5 Comparison of two attenuation lengths . . . . . . . . . . . . . 64
4.5 Direct and Scattered Hot Electron attenuation in NiSi2 . . . . . . . . . 65

4.5.1 Direct and reverse BEEM Transmission . . . . . . . . . . . . . 66
4.5.2 Comparison of direct and reverse attenuation lengths . . . . . 70

4.6 Conclusion and Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . 72
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

5 BEEM and BHEM across Highly Textured Cu/Si Interface 77
5.1 Introduction and Motivation . . . . . . . . . . . . . . . . . . . . . . . . 77
5.2 Projected Si conduction band minima onto (100) and (111) planes . . 78
5.3 BEEM Transmission across Cu/n-Si Interfaces . . . . . . . . . . . . . 80

5.3.1 Device fabrication and I-V characterization . . . . . . . . . . . 81
5.3.2 BEEM transmission across Cu/n-Si(100) interfaces . . . . . . . 83
5.3.3 BEEM transmission across Cu/n-Si(111) interfaces . . . . . . . 83
5.3.4 Hot electron attenuation length in Cu on Si . . . . . . . . . . . 84

5.4 Reverse BEEM Transmission across Cu/n-Si Interfaces . . . . . . . . 86
5.4.1 Scattered hot electron attenuation length in Cu . . . . . . . . . 89
5.4.2 BEEM images for direct and reverse modes . . . . . . . . . . . 90

5.5 BHEM Transport Across Cu/p-Si(100) Interfaces . . . . . . . . . . . . 92
5.5.1 Growth and I-V characterization . . . . . . . . . . . . . . . . . 93
5.5.2 BHEM and R-BHEM Transmission . . . . . . . . . . . . . . . . 94
5.5.3 Direct and Scattered hot hole attenuation length in Cu . . . . 95

5.6 Effect of Cu band structure in hot electron and hot hole scattering . . 97
5.7 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

6 BEMM Study in Spintronic Devices with Cu/n-Si Schottky Collector 101
6.1 Introduction and Motivation . . . . . . . . . . . . . . . . . . . . . . . . 101
6.2 Experimental methods . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

6.2.1 Measurement technique: BEMM . . . . . . . . . . . . . . . . . 102
6.2.2 Device fabrication and growth of Cu on Si . . . . . . . . . . . 104

6.3 Magnetic measurements and resolution of BEMM . . . . . . . . . . . 105
6.3.1 Magnetic hysteresis at the nanoscale . . . . . . . . . . . . . . . 105
6.3.2 Magnetic imaging of 360◦ domain wall . . . . . . . . . . . . . 105
6.3.3 Magnetic resolution . . . . . . . . . . . . . . . . . . . . . . . . 107

6.4 Spin dependent transport at the nanoscale . . . . . . . . . . . . . . . . 108
6.4.1 Energy dependence from the normalized transmission plots . 111

6.5 Hot electron transport through NiFe . . . . . . . . . . . . . . . . . . . 114
6.5.1 Attenuation length of hot electrons in NiFe . . . . . . . . . . . 114

ix



Contents

6.5.2 Attenuation lengths of spin-majority and spin minority . . . . 115
6.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

7 Nanoscale Spin Transport through Graphite Nanostructures 121
7.1 Introduction and Motivation . . . . . . . . . . . . . . . . . . . . . . . . 121
7.2 Earlier report on perfect spin transport across graphite sheets . . . . 123
7.3 Spin scattering and transport through graphite nanostructure . . . . 124

7.3.1 Device fabrication and flake identification . . . . . . . . . . . 125
7.3.2 Magnetic imaging of spin transport . . . . . . . . . . . . . . . 126
7.3.3 Local hysteresis and energy dependence of spin transport . . 128

7.4 Conclusion and Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . 131
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

8 Graphene Based Hot-electron Transistor 133
8.1 Introduction and Motivation . . . . . . . . . . . . . . . . . . . . . . . . 133
8.2 Electronic properties of graphene . . . . . . . . . . . . . . . . . . . . . 134
8.3 Rectifying I-V measurements across exfoliated-Gr/ n-Si interface . . 136

8.3.1 Device fabrication . . . . . . . . . . . . . . . . . . . . . . . . . 137
8.3.2 Field effect in exfoliated graphene . . . . . . . . . . . . . . . . 138
8.3.3 Temperature dependent current voltage measurements . . . . 139

8.4 Macroscopic I-V measurements across CVD-Gr/ n-Si interface . . . . 143
8.4.1 Device fabrication . . . . . . . . . . . . . . . . . . . . . . . . . 144
8.4.2 Temperature dependent current voltage measurements . . . . 145

8.5 Nanoscale hot carrier transport across Gr (CVD)/ n-Si interface . . . 149
8.5.1 BEEM experiments on Gr (CVD)/n-Si(100) device . . . . . . . 150
8.5.2 BEEM experiments on Au/Gr(CVD)/n-Si(100) device . . . . 153

8.6 Conclusion and Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . 154
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156

Summary 157

Samenvatting 160

Acknowledgements 164

Publications 169

Curriculum Vitae 171

x



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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Hot-electron
(Spin-) Transport

Semiconducting Substrate

Metallic
Thin �lms

Graphene,
Graphite

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.
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• 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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Chapter 2

Ballistic Electron Emission Microscopy and
Related Techniques

Abstract

Development of the Scanning tunneling microscope (STM) has led to the remarkable
progress in the field of surface characterization of conducting materials with atomic reso-
lution. Beyond that, a modified version of this technique is used to hot electron transport
and for microscopy studies in conducting thin films, known as Ballistic electron emis-
sion microscopy (BEEM). In addition to that, visualization of spin transport was also
achieved using the magnetic version of BEEM by locally mapping the spin-dependent
transport in spin valves. Although studies using hot electrons in solids were initiated
in the past, it is only in later years that numerous progress have been achieved, concern-
ing the nanoscale measurement of hot electron transmission in various thin films. In
this chapter, the main concepts of hot electron transport and BEEM are presented. The
chapter is based on published work in this field. We start with a brief introduction to
the working principle of BEEM followed by an overview of BEEM and other techniques
related to BEEM used in this research.

2.1 Introduction

D
eveloped in the late 1980’s by Kaiser and Bell [1], Ballistic electron emission
microscopy (BEEM) is considered to be a versatile technique which can probe

both the energy and spatial dependence of transport of hot electrons in thin films. In
BEEM, a Scanning tunneling microscope (STM) [2] is modified with an additional
electrode to collect the hot electrons across a Schottky barrier. The main motiva-
tion of this chapter is to give an overview of the ballistic hot electron transport in
solid state devices and then to discuss briefly the nanoscale technique i.e., ballistic
electron emission microscopy (BEEM) and other related techniques derived from
BEEM. An overview of the BEEM theory is presented with a discussion of the two
most commonly used models namely, Bell-Kaiser (BK), and Ludeke-Prietsch (LP)
model. The resolution of these techniques using few examples from published lit-
erature are described. Here, we have discussed the parts of BEEM technique which



10 2. Ballistic Electron Emission Microscopy and Related Techniques

Metal Base Ballistic 
Hot Electron Transport

M/I/M/SS/M/S

High-Speed Unipolar Transistors

M = Metal
I = Insulator
S = Semiconductor

M/I/M/I/M

Figure 2.1: A number of metal base unipolar hot-electron transistor devices. Out of these 3
device structures, the M/I/M/S is similar to our BEEM related experiments.

are directly relevant to our own experimental work whereas a more detailed review
about BEEM can be found in Ref. [3, 4, 5]. This thesis includes results using BEEM,
Ballistic hole emission microscopy (BHEM) [6, 7], Scattering (Reverse) BEEM and
BHEM (RBEEM, RBHEM) [6, 8], and Ballistic electron/hole magnetic microscopy
(BEMM/BHMM) [9, 10] which are presented in the later chapters.

2.2 Hot and Ballistic electrons

Hot electron phenomena have become important for the understanding of all mod-
ern semiconductor devices. Electrons having energies higher than a few tenths of
one electron volt (eV) above the Fermi level of the system, are referred to as “hot”
electrons. Electrons which contribute to the electrical conductivity in solids are free
electrons with energies a few kBT (≈25 meV at 300 K) above or below the Fermi
level. If we make a simple analogy of the electron energy to the real lattice tem-
perature (eV = kBT ) then electrons of energy 1 eV above the Fermi level would
correspond to a temperature rise up to ≈12000 K [11]. However, those energies are
not accessible simply by increasing the temperature of the material. Here we thus
consider the kinetic energy (K.E.) of the hot electrons not the actual device tem-
perature. In our research we focus on hot electron and hot hole transport through
metallic multilayer, for energies in the range of 1 eV to 2 eV above (for electrons)
and below (for holes) the Fermi level.

Above the Fermi energy, there are lots of unoccupied states for the hot electrons
to occupy, in contrast to the thermal electrons where the energy levels are filled.
Therefore the scattering mechanisms for hot electrons and electrons at Fermi level
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are very different. According to Fermi’s golden rule, the electron should find an
empty states to scatter into, which is very unlikely for the electrons at the Fermi
level as all bands are filled as described by Fermi-Dirac distribution:

F (E) =
1

1 + exp
(
E−EF

kBT

) (2.1)

So, to have scattering into the empty states, the maximum interaction energy of elec-
tron is≈3kBT = 78 meV. Hence elastic or quasi-elastic scattering are the dominating
scattering processes at Fermi level, whereas inelastic electron-electron (e-e) scatter-
ing becomes more dominant at these higher energies. The inelastic scattering of hot
electrons is caused by the Coulomb interaction with the other electrons below the
Fermi-level which excite the electron above the Fermi-level and this process is called
as Stoner excitation. Hot electrons loose a large part of their energy via this inelastic
scattering event. Electron-phonon scattering is considered to be a quasi-elastic pro-
cess, since hot electrons can suffer only an energy loss of the order of kBT , which
is not significant compared to the initial electron energy. Defects and impurity scat-
tering of electrons are always present in any metal and introduce a temperature
and energy independent elastic scattering contribution [12]. However, if during the
propagation through the metal base, the hot electrons stay unscattered between two
scattering events, they are called “ballistic” electrons. In ideal situation ballistic hot
electrons do not lose energy or undergo a change in momentum and form the major
contribution to the collector current. Metal base ballistic hot electron transport can
be realized in three different device structures as shown in the Fig. 2.1 and they are
discussed in the next subsection.

2.2.1 Hot electron devices

Successful commercial utilization of hot-electron phenomena is a Gunn diode, based
on the intervalley transfer mechanism for a negative differential resistance. A hot
electron device using three electrodes in a triode configuration was first demon-
strated by Mead in the year of 1961 [13]. Recently, semiconductor devices based on
hot electron effects have made remarkable progress in the field of spintronics. In
general a three-terminal transistor-like device can be fabricated for ballistic hot elec-
tron creation and detection in an all-solid-state structure as shown in Fig. 2.2a, b,
and c. In these three terminal devices, hot electrons are injected by an emitter elec-
trode through a Schottky or a tunnel barrier into a thin metallic base electrode. The
base electrode is separated from the subsequent collector electrode by a similar po-
tential barrier which acts as an energy filter. If the electron injection energy is higher
than the base/collector barrier height and the base is thin enough so that a fraction
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Figure 2.2: The top panel shows the energy-band diagrams of metal-base transistors: a)
S/M/S, b) M/I/M/S and c) M/I/M/I/M respectively under operating bias conditions. The
bottom panel is for the respective examples of real devices as reported in literatures. Figures
d), e) and f) are taken from Ref. [14], [15], and [16] respectively.

of the injected electrons can cross it ballistically, then those hot electrons are eligible
to overcome the collector barrier and contribute to the collector current. Three of
such device concepts are used: i) in spin valve transistor as in Fig. 2.2d, ii) for the
investigation of spintransport in Si in Fig. 2.2e and iii) for the graphene-based hot
electron transistor in Fig. 2.2f.

The concept of BEEM experiment is very similar to the M/I/M/S device con-
figuration as shown in Fig. 2.2b. The most essential part of the BEEM device is the
rectifying metal/semiconductor Schottky interface which is used as the energy fil-
ter of the hot charge carriers. In the next section, we thus discuss the basic theory of
such rectifying M/S interface whereas the detailed understanding can be found in
the text books [17, 18].

2.2.2 Rectifying metal/semiconductor (M/S) Schottky collector

When a M/S interface is formed there will be a flow of free carriers from one ma-
terial to the other due to the mismatch in Fermi levels and a potential barrier will
be established between the metal and semiconductor called as Schottky barrier. For
a n-type semiconductor when a metal layer is deposited to make electrical contact
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Figure 2.3: Representation of the Schottky barriers between metal with n-type (a) or p-type
(b) semiconductors.

then there will be a flow of electrons from the n-type semiconductor to the metal.
Since there is a net flow of charge carriers there will be an accumulation of electrons
at the metal side and a space charge will build up between the two surfaces. This
accumulation will grow until there is no more net charge carrier flow and a thermal
equilibrium is established resulting in the lining up of both Fermi levels. Due to the
space charge there will be an internal electric field across the M/S interface which
will result in a potential difference between the metal and the semiconductor bulk
called the contact potential. The carrier density in the metal is much higher than in
the semiconductor, therefore the space charge region is much deeper in the doped
semiconductor than in the metal. The width of the space charge layer in the semi-
conductor which is completely depleted of electrons is denoted by Wd. When the
metal and semiconductor are in contact an equilibrium will be established as shown
in Fig. 2.3a. The barrier height between the metal and the semiconductor without
considering any interface states is then given as:

φB(n) = φm − χ (2.2)

where φm is metal work function, χ is electron affinity of the semiconductor and
thus φB(n) is completely determined by bulk material properties. This relation is
called the Schottky-Mott relation. Similarly for a p-type semiconductor as shown in
Fig. 2.3b, the barrier height will be:

φB(p) = Eg − (φm − χ) (2.3)

where Eg is the band gap of the semiconductor.
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Thermionic emission theory

The electrical transport across the Schottky barrier is described by thermionic emis-
sion theory [17, 18]. It is assumed that the flux of electrons emitting from the surface
is equal to the flux of electrons received on the surface. The flux of electrons arriving
at the surface is defined as the number of electrons passing through a unit area per
unit time and is given by:

J = enν (2.4)

where e is the electrical charge of an electron, n is the electron concentration which
is determined by Maxwell-Boltzmann statistics and ν is the mean velocity of the
electrons. Using this and subtracting the current which flows from the metal to the
semiconductor JM→S from the current flowing from the semiconductor to the metal
JS→M the following expression for the total current density Jn can be given:

Jn = JS

[
exp

(
eV

kBT

)
− 1

]
, where JS = A∗T 2exp

(
− eφB
kBT

)
(2.5)

where JS is the saturation current density and A∗ is the Richardson constant for
thermionic emission of electrons from the semiconductor to the metal, V the voltage
applied to the Schottky barrier and T the temperature. A∗, which takes into account
the effective mass, is defined as:

A∗ =
4πem∗ek

2
B

h3
. (2.6)

Apart from the Richardson constant there are other effects which play a role in
thermionic emission. These are the quantum mechanical transmission effect and
electric-field-enhanced emission. The Richardson constant can be modified to ac-
count for these effects and is called the effective Richardson constant A∗∗. Exam-
ples of the effective Richardsons constant are: A∗∗ ≈ 110 and 30 A·cm−2·K−2 for
n-Si and p-Si respectively. The final equation describing the charge transport when
thermionic emission is dominant becomes:

J = JS

[
exp

(
eV

ηkBT

)
− 1

]
≈ JS

[
exp

(
eV

ηkBT

)]
for eV ≥ 3kBT. (2.7)

Where JS now uses the effective Richardson constantA∗∗ and η is the ideality factor
describing the deviation from the ideal situation. For η = 1, the current transport
process is pure thermionic emission. However, thermionic emission is not the only
process which scales exponentially with the applied voltage and then the diode can
be non ideal with η > 1.

The Schottky barrier height, φB can also be directly measured as an onset of the
BEEM current and it should be comparable with the value obtained from such I-V
measurement with η ≈ 1.
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-
+
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Figure 2.4: The BEEM setup is visualized with the electrical circuit attached to it. A constant
tunnel current IT is injected at variable tunnel voltages VT . The injection and acceptance
cones are visualized by the orange cones (∅ ≈ 1 nm). Electrons which surpass the SB are
detected as BEEM current IB .

2.3 Ballistic Electron Emission Microscopy (BEEM)

BEEM is a modified form of a scanning tunneling microscope (STM) allowing the
nanoscale study of nonequilibrium carrier transport across buried interfaces. The
difference from a normal STM setup is the addition of a back contact to the sample.
This makes it possible to collect the injected electrons which have traveled through
the complete device. The basic schematics of this is shown in Fig. 2.4. The current is
injected perpendicular to the layer stack in a current-perpendicular-to-plane (CPP)
geometry. The transport of the hot electrons can be divided in four different stages:

1. Injection of the charge carriers from the tip into the metal base,

2. Transport through the metal base,

3. Transmission across the M/S interface,

4. Transport through the semiconductor.

Charge carriers are injected from the tip by tunneling into unoccupied states
of the thin metal base. This results in an angular and energy distribution of the
injected carriers at the metal surface. After the injection, the hot charge carriers will
propagate through the metal film. When the carriers reach the interface and satisfy
the energy and momentum criteria at the interface, they can be transmitted through
the M/S interface and enter the semiconductor. Finally, after transport across the
semiconductor the electrons will be collected and form the BEEM current. Due to
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Figure 2.5: a) A schematic energy level diagram of a negatively biased tip with the hot elec-
tron distribution in red. Note that not all the electrons from this distribution have sufficient
energy to pass the barrier. b) Typical BEEM spectrum, with the threshold value V0, which
corresponds to the Schottky-barrier height φB = eV0.

the very local nature of injecting electrons and the requirement of lateral momentum
conservation at the interface this technique results in a very high spatial resolution
imaging.

2.3.1 Spectroscopy and imaging

The most widely used mode of the BEEM technique is the spectroscopy mode which
provides information on local transport characteristics of hot electron between the
STM tip and the semiconductor. The simplified energy band diagram of the BEEM
experiment is shown in Fig. 2.5 together with the BEEM current with respect to
the sample tip bias. The BEEM current consists of a small fraction of the injected
electrons which satisfy the necessary energy and momentum criteria for collection
across the M/S interface. No BEEM current will be observed when the tip bias is
below the Schottky barrier height. By gradually increasing the tip bias, the BEEM
current can be observed beyond a certain onset which corresponds to the Schottky
barrier height. The higher the tip bias, more electron will contribute to the BEEM
current. A BEEM spectra thus can be obtained by recording the BEEM current with
respect to the tip bias at a fixed tip position. In general to improve the signal to
noise ratio several BEEM spectra are recorded to obtain a single averaged spectrum.
The final BEEM spectrum provides the information of energy dependence of hot
electron transport in the metal film as well as the M/S interface. The onset of the
BEEM spectra determines the Schottky barrier height with high accuracy (≈ 0.01
eV) whereas the spectral shape carries information about scattering in the metal
film, across the M/S interface and in the semiconductor.
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Figure 2.6: (a) STM topography and (b) simultaneously recorded forwarded BEEM current
image at 77 K on epitaxial CoSi2/n-Si(100) surface (VT =1.5 V, IB=3 nA, film thickness =3.8
nm). Two different surface reconstructions are apparent, and the BEEM contrast reflects the
atomic scale periodicity of the surface topography. The BEEM contrast ranges from 25 pA
(black) to 55 pA (white). Adapted from Ref. [20].

A direct spatial map of the BEEM transmission can be obtained by using the
BEEM imaging mode. Using the capability of the STM tip to scan the conducting
surface, the BEEM image can be mapped by simultaneous recording the BEEM cur-
rent at a fixed tip bias above the threshold value. A comparison between the BEEM
image and the surface image provides information about the transport characteris-
tics with respect to the structural properties of the metal film and the M/S interface.
Although it is not always very easy to interpret the lateral variation of the BEEM
image, the possible reasons for inhomogeneous interface transmission are due to
local variation in the metal layer thickness, variation in the local Schottky barrier
heights, lateral variation in the interface bonding across the M/S interface etc. Such
variation in BEEM current can be at a length scale of few Å as discussed latter.

Resolution of BEEM

Using the spatial variation of BEEM current it is possible to determine the resolution
of the technique. An important feature of BEEM is that the resolution of BEEM
imaging is not limited by the technique but by the structure of the sample being
imaged. Lateral resolution of BEEM has been established by Miliken et al., [19] on a
polycrystalline Au/Si(111) sample with SiO2 patterns on top. From the sharp onset
of the BEEM current in the absence of SiO2, it has been shown that the resolution
of BEEM is 10 Å. Even further, much better resolution has been demonstrated by
Sirringhaus et al., [20] in an epitaxial system of CoSi2/Si(100). Figure 2.6(a) shows
atomically resolved CoSi2 surface topography whereas Fig. 2.6(b) corresponds to the
BEEM current variation also with atomic periodicity. In presence of surface point
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defects like missing adatom as indicated by the arrow in the surface topography,
local BEEM current increases which confirms BEEM has an atomic scale resolution.

2.4 BEEM Theory

In order to extract the Schottky barrier height from spectroscopy measurements a
theoretical model is needed to fit the data. The first theoretical description dealing
with the transport of hot-charge carriers through a metal-semiconductor system in
a BEEM setup was proposed by Bell and Kaiser. As mentioned before, the transport
of the charge carriers can be characterized into four different regions. The processes
described in this chapter are for hot electrons due to the use of n-type silicon sub-
strates and the theory is also valid simultaneously for hot holes.

2.4.1 Tunnel injection of non-equilibrium charge carriers

The applied potential between the tip and the metal base, called the tip voltage
VT , will determine the energy of the injected electrons. Tunneling across the poten-
tial barrier between the tip and the metal will always result in a distribution of the
energy and momentum of the electrons. In common BEEM theory [1] the tunnel in-
jection of non-equilibrium electrons from the tip into the base is assumed to behave
according to the planar tunneling theory [21]. Although it has been shown that it is
not always valid to use planar tunneling theory, the voltage spectroscopy measure-
ments with BEEM are found to agree well with planar tunneling based theory [22].
At tip voltages close to the threshold results in a sharply peaked distribution of the
injected electrons perpendicular to the M/S interface. Therefore the injected elec-
trons will have little momentum parallel to the metal base (k‖ � k⊥).

2.4.2 Transport across the metal base

Due to scattering, the spatial and energetic distribution of the electrons will broaden
when traversing the metal base. The hot electron attenuation length can be de-
scribed by a single parameter called the attenuation length λ(E) which in principle
is energy dependent. The attenuation can than be described by an exponentially de-
caying function depending on the injection angle θ away from the surface and metal
film thickness d:

IB(t, E)

IT
∝ exp

[
−d · cos(θ)

λ(E)

]
(2.8)

Since the electrons are injected with almost zero parallel momentum k‖ = 0 we can
assume cos(θ) ≈ 1 simplifying the equation.
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Figure 2.7: Four different scattering mechanisms in a forward biased BEEM experiment,
where a • denotes electrons and a ◦ denotes holes. (1) pure ballistic transport (green), (2)
inelastic scattering in the metal film (blue) which can lead to secondary electrons (also blue),
(3) elastic scattering in the metal film or the interface (purple) and (4) impact ionization, where
a electron hole pair is created (red).

2.4.3 Scattering mechanisms

All of the different scattering processes which are relevant for our studies in this
thesis occur in the metal base. In Fig. 2.7 the most prominent scattering mechanisms
are depicted, which are:

Ballistic transport Ballistic transport is the unscattered propagation of electrons
through the metal base. If the electrons travel ballistically through the metal base
they might have enough energy, depending on VT , to surmount the Schottky barrier
at the M/S interface.

Inelastic scattering If the electrons are scattered inelastically their energy will be
reduced. The processes dominating this form of scattering, at the energies is electron-
electron (e-e) scattering [6] and will typically result in a reduction of half the elec-
tron energy. At low tip voltage this effectively means that any inelastically scattered
electron will not have enough energy to surmount the Schottky barrier. However
at higher tip voltages, at least at an energy twice that of the Schottky barrier, the
collision might result in a secondary electron with enough energy to surmount the
Schottky barrier along with the primary electron that still has an energy above the
Schottky barrier, thereby increasing the BEEM current. Although phonon scattering
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can also result in energy loss they are not taken into account since the change in
energy is negligible small, on the order of kBT , in comparison with e-e scattering.

Elastic scattering This form of scattering will change the momentum but conserve
the total kinetic energy of the electrons. Therefore any elastic scattering will result in
a broadening of the distribution of angular momentum. Since transmission across
the M/S interface is sensitive on the momentum, as shown in section 2.4.5, elastic
scattering will also have an effect on the BEEM current. Grain boundaries, impuri-
ties, defects and any inhomogeneities in general are the main elastic scattering sites.

Impact ionization When an electron with high enough energy enters the semi-
conductor it could transfer a part of its energy to an electron in the valence band. If
enough energy is transfered it could excite the electron to the valence band creating
an electron-hole pair. This electron could then contribute to the BEEM current. For
this however the impacting electron should have an excess energy above the thresh-
old of more than twice of the semiconductor band gap. Since all experiments are
performed below this limit, impact ionization is not present.

2.4.4 Electron attenuation length

With increasing metal base thickness the BEEM current is attenuated. The total at-
tenuation length, λ is related to the inelastic attenuation length, λi and the elastic
attenuation length, λe as described by Matthiessen’s rule:

1

λ(E)
=

1

λe
+

1

λi(E)
(2.9)

From equation 2.8 it is clear that the transmission exponentially depends on the film
thickness of the metal base. Therefore, by varying the metal base layer thickness
and measuring the transmission at a particular energy a plot can be obtained of the
transmission versus metal base thickness and energy. Using an exponential axis
for the transmission, the slope of the plot gives the electron attenuation length at
a particular energy. The energy dependence of the attenuation length can now be
obtained by repeating this process at different energies. By BEEM λe and λi(E) can
not be measured directly. However, the inelastic attenuation length is energy depen-
dent and proportional to the product of the group velocity and the inelastic electron
lifetime. Using Fermi liquid theory the energy dependent inelastic scattering can be
described as: λi(E)∝ (E+EF )0.5/E2,EF is the Fermi energy of the metal. Although
there are possibilities to extract the two different attenuation lengths λi and λe from
λ but this is generally not so straight forward.
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2.4.5 Transmission across the M/S interface

The transmission across the barrier is dependent on the energy and the momentum
of the incoming electron. Assuming the electrons satisfy the 2D free electron model,
their energy would be given as:

E =
~2

2m
(k2⊥ + k2‖) = E⊥ + E‖ (2.10)

Where m is the rest mass of the electron (free electron mass) and k⊥ and k‖ are the
momentum of the electron perpendicular and parallel to the M/S interface, respec-
tively. The energy of the electron just at the maximum of the Schottky barrier height
can now be expressed as:

E =
~2

2m∗
(k2⊥S + k2‖S) + EF − eV + φB (2.11)

Where m∗ is the effective mass of the electron inside the semiconductor, EF is the
tip Fermi energy, φB is barrier height at the M/S interface and the subscript of kS
denotes the momentum in the semiconductor. If we consider the conservation of
transverse momentum (which is parallel to the interface k‖) for the electron to enter
from metal to the semiconductor, we can obtain an analytical expression for the ‘re-
fraction’ for maximum allowed transverse momentum. Specifically, conservation of
transverse momentum defines a critical angle for electron propagation in the metal
base outside of which electrons may not be collected in the semiconductor, similar
to the acceptance cone at the M/S interface and is defined as [1]:

sin2θc =
mt

m

eV − φB
EF + eV

(2.12)

where mt is the transverse electron effective mass in the semiconductor (mt = 0.19m
in Si). This argument would only be convincing for a perfectly epitaxial system
without any defects, any deviations of such a system would break the symmetry
and therefore conservation of transverse momentum could be relaxed to a certain
degree.

2.4.6 BEEM transport models

The tunnel current between tip and top metal based on planar tunneling theory can
be written as:

IT = A

∞∫
0

dE⊥T (E⊥)

∞∫
0

dE‖[f(E)− f(E + eVT )] (2.13)



22 2. Ballistic Electron Emission Microscopy and Related Techniques

T (E⊥) is the tunnel probability for an electron to tunnel through the vacuum barrier
over the transverse and parallel (to the interface) energies, E⊥ and E‖. A is the
constant related to effective tunneling area, f(E) is the Fermi distribution function,
and VT is the applied tip voltage.

According to widely used Bell-Kaiser (BK) model[1], BEEM transmission is the
fraction of the ballistically transmitted tunnel current:

IB = AR

∞∫
Emin

⊥

dE⊥T (E⊥)

Emax
‖∫
0

dE‖[f(E)− f(E + eVT )] (2.14)

Where R is an attenuation factor due to scattering in the metal base and the M/S
interface. According to BK model, R is considered to be energy independent but
it can also be weakly dependent on energy. Other parameters, Emin⊥ =EF -e(VT -φB)
and Emax‖ =[mt/(m-mt)]×[E⊥-EF+e(VT -φB)].

For VT just above φB , close to threshold, above equations (2.13), (2.14) predict:

IB∝IT (VT − φB)2 (2.15)

Such quadratic onset considers classical transmission across the M/S interface with
parabolic conduction band minimum in the semiconductor. Considering quan-
tum mechanical transmission across the M/S interface another model was given
by Ludeke-Prietsch (LP model) according to which IB∝IT (VT − φB)2.5 [3]. It was
found that near the threshold regime, no significant difference between the BK and
LP models can be resolved beyond experimental error. Increasing the bias voltage
approximately 0.2 - 0.3 V above the threshold the BEEM current starts varying lin-
early with the tip bias showing that the theory only models the BEEM current very
close to threshold. For the Schottky barrier extraction in our experimental measure-
ment we have considered BK model instead of LP model and we have seen a better
match with the macroscopic I − V measurements.

2.5 Techniques related to BEEM

In a standard BEEM experiment, an n-type semiconductor substrate is used as the
collector and a negative tip bias is applied to inject electrons into the base. A frac-
tion of the injected hot electrons can then be collected as collector current. Using
a positive tip bias, holes can be injected into the base and in order to collect these
holes directly one needs to use a p-type semiconductor. So the devices can be fab-
ricated by using either an n-type or a p-type semiconductor. However the use of a
p-type semiconductor is not the only way to record BEEM current with a positive
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Figure 2.8: (a) Energy diagram of a BHEM experiment. Hot holes are injected into the metal
base grown on top of a p-type semiconductor and a fraction of them are being collected in
the valence band of the semiconductor. (b) Energy diagram of reverse BEEM experiment
which enables scattering spectroscopy. Hot holes are injected into the metal base on a n-type
semiconductor collector. Inelastic scattering in the metal base creates electron-hole (e-h) pairs
which cause collection of hot electrons in the conduction band of the semiconductor.

tip bias. In the case of n-type substrates, injected holes can scatter and form a distri-
bution of hot electrons that can then be collected. In this section we have discussed
all these possibilities as the “Ballistic Hole Emission microscopy (BHEM)” when the
substrate is p-type with hole injection and the “Scattering (Reverse) BEEM” when
the substrate is n-type but with hole injection as shown in Fig. 2.8.

2.5.1 Ballistic Hole Emission Microscopy (BHEM)

The technique of hot electron study in BEEM can equally be well applied for non-
equilibrium holes, in a device structure consisting with a p-type collector. The
technique is then often referred as ballistic hole emission microscopy (BHEM). The
working principle of the technique is as follows: The STM tip is positively biased
which injects electrons into the tip, and therefore holes into the base through vac-
uum tunnel barrier. A fraction of the injected holes that satisfy the energy and mo-
mentum criteria are then collected in the valence band of the semiconductor. Ballis-
tic electrons in BEEM are used to probe conduction band structure whereas ballistic
holes in BHEM are used as a probe of the valence band structure of the same semi-
conductor. BHEM was demonstrated by Bell and serves as a direct measurement
of the p-type Schottky barrier height. The behavior of a typical BHEM spectrum
close to threshold is similar to the BEEM spectrum. The collected current has a
IC(Hole) ∝ IT (V − φB)2 dependence, where φB is the Schottky barrier height with
a p-type semiconductor. Although BEEM and BHEM are very similar but the dis-
tribution of hot holes is exactly opposite to the distribution of hot electrons. The
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tunneling electron distribution is peaked at the Fermi level of the negative electrode
which is the STM tip in the case of hot electrons and metal base in the case of hot
holes and such asymmetry in the distribution causes a difference in hot hole and hot
electron scattering at higher biases.

2.5.2 Scattering (Reverse) BEEM

The direct electron and direct hole spectroscopies can be used to probe conduction
and valence band structure of the M/S interface with n and p-types semiconductor
respectively. These mode of operation are considered to be the forward bias ex-
periment where majority carriers are injected and a fraction of them are collected.
However, there is another way to study the scattered carriers by probing only those
carriers which are created in the process of scattering and is referred to scattering
(Reverse) bias BEEM experiment. In the case of n-type semiconductor collector,
electrons will be extracted from the metal film creating a ballistic hole distribution
in which the technique relies on the detection of only secondary electrons created in
the process of carrier-carrier scattering. Such process is very similar to the “Auger
like” scattering process.

In the case of R-BEEM process[8], hot holes are injected (electrons are extracted)
by the tip to the base and they are filled by electron-hole collisions. Energy of the
injected holes transfered to the excited electrons can be maximum up to the kinetic
energy ofEF,b+eVT . If the secondary electrons have enough energy and momentum
to surmount the barrier, they can be collected as collector current with the same sign
as direct BEEM. Considering free electrons and zero temperature, R-BEEM transmis-
sion can be written as:

IRB = AR

EF,b∫
EF,b−eVT

dE

E∫
0

dE⊥P (E,E⊥)T (E⊥) (2.16)

where EF,b is the base Fermi energy, P (E,E⊥) is the probability of creation of ex-
cited electrons from the injected hot holes. The excited electrons are then collected
above φB with proper momentum. Near threshold, the above expression of R-BEEM
transmission can be simplified as:

IRB∝IT (VT − φB)4. (2.17)

Considering the quantum mechanical transmission of electrons at the M/S interface,
the power of the above equation will be 4.5 (LP model) instead of 4 (BK model) and
similarly an analogous R-BHEM experiment can also be performed using a p-type
semiconductor.
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Direct and reverse BEEM involve electron and hole injection from the tip to the
base respectively. It is also important to consider the distribution of injected carriers
for scattering in the base. When electrons are injected into the base, the distribution
of electrons are maximum at the applied bias to tunnel through. But hole injection is
completely opposite. The hot hole distribution is maximum close to the Fermi level
of the base so less number of hot holes tunnel through the barrier. Such difference
in distribution plays important role for hot electron and hot hole scattering which
reflects also in the BEEM and R-BEEM spectral shape.

In case of R-BEEM, collected transmission is also expected to be decreasing with
increasing thickness but differently than direct BEEM. Similar exponential decay can
be obtained as:

IRB(t, E)

IT
∝ exp

[
− t

λeff (E)

]
(2.18)

λeff (E) is the effective attenuation length governs by the diffusion length for inelas-
tic collisions. Such characteristic length is the cumulative effect of hole attenuation,
creation efficiency of excited electron and then the decay of isotropically distributed
excited electron.

2.6 Ballistic Electron and Hole Magnetic Microscopy
(BEMM and BHMM)

Ballistic electron magnetic microscopy (BEMM) was first introduced as the magnetic
counterpart of BEEM by Rippard and Buhrman in 1999 [9]. The technique is based
on the spin-dependent hot electrons scattering in ferromagnetic thin films, in which
the minority spin electrons are attenuated more strongly than the majority spin elec-
trons. This is very similar to that of the classical “polarizer-analyzer” experiments of
optics where the angle between polarizer and analyzer controls the output intensity
of the transmitted beam. Similarly, the BEMM current above the Schottky barrier
is high when the magnetizations of both ferromagnetic layers of the spin-valve are
aligned parallel (P) and low when they are aligned anti-parallel (AP) controlled by
an external applied magnetic filed.

The concept of BEMM experiment is very similar to that of the magnetic tunnel
transistor (MTT) where the injection of hot electrons is by the STM tip through an
ideal vacuum tunnel barrier as shown in Fig. 2.9 instead of a physical barrier. There
are two magnetic layers (FM I and FM II) present which are necessary to fabricate
the magnetic sensor. The lower normal metal is used for good growth on the n-
type semiconductor with a well-defined and homogeneous Schottky barrier at the
M/S interface. The middle normal metal is used as a spacer layer. This means that
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Figure 2.9: Schematic of ballistic electron magnetic microscopy. The tip of a scanning tun-
neling microscope (STM) is used to inject hot electrons into a ferromagnetic thin film stack
consisting of two ferromagnetic thin films (FM I, FM II), separated by a thin non-magnetic
layer (NM). The current in the semiconductor collector depends on the relative orientation of
the magnetization of the two magnetic layers.

it separates the two magnetic layers, so that they will not interact directly. For an
ex-situ transfer of the device from the deposition system to the measurement set
up, a capping layer is grown, to prevent oxidation of the top magnetic layer. The
injected unpolarized hot electrons by the STM tip become strongly spin polarized
as they pass through the ferromagnetic thin films due to spin dependent scattering
in the ferromagnetic layers. The collector current strongly depends on the local
magnetizations of both ferromagnetic layers. The spin dependent collector current,
IB , for the P and AP configuration, can be written as [26],

IPB ∝ (TMFM1TST
M
FM2 + TmFM1TST

m
FM2) (2.19)

IAPB ∝ (TMFM1TST
m
FM2 + TmFM1TST

M
FM2) (2.20)

where TM and Tm refer to the transmission of the majority (M) and minority (m) hot
electrons in the ferromagnetic layers, and TS is the transmission in the spacer (non-
magnetic; NM) layer. When the magnetizations of the two ferromagnetic layers are
parallel (P), then only one of the spin-channels (spin minority) will be strongly scat-
tered and the other channel (spin majority) will be less scattered during transport
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through the spin valve structure. But when the ferromagnetic layers are in anti-
parallel alignment, both of the spin-channels will be strongly scattered when pass-
ing through the spin valve structure. As a result the collected BEMM current will be
maximum for P-orientation and minimum for AP-orientation. Similar experiment
can also be done with the hot holes in a spin valve on a p-type semiconductor and
the technique is then called as Ballistic hole magnetic microscopy (BHMM).

Magnetocurrent (MC)

As discussed previously, the signal in the P condition will be higher than in the AP
condition and a measure of this difference is called as the magnetocurrent (MC). The
MC is defined as:

MC =
(IP − IAP )

IAP
× 100% (2.21)

Thus the MC is very sensitive to the IAP and relatively less sensitive to the IP . The
MC can never be below -100%, but it has no upper limit. In an epitaxial spin valve,
the MC increases with a high quality interface and a good decoupling between the
ferromagnets. Thus in general a higher MC corresponds to the highly efficient spin
transport in the spin valve.

2.6.1 Resolution of magnetic imaging

By scanning the STM tip over such a spin valve device, a magnetic image of the
transmitted electrons can be obtained simultaneously with the surface topography.
The contrast of the image gives information about the relative magnetization ori-
entation of ferromagnetic films. An example of such magnetic images is shown in
the Figure 2.10. The measurements have been performed by BHMM on a spin valve
structures deposited on a p-type semiconductor [25] and Figs. 2.10a and 2.10b show
the magnetic images taken on a Co/Au /NiFe spin valve [10] in AP and P condi-
tions respectively. The lighter (darker) areas in the image correspond to the ferro-
magnetic films being in P (AP) magnetic orientation. For an applied magnetic field
of -30 Oe, most of the regions are in AP state with minimum hole current of about
0.55 pA. However, there is a region with narrow ring-like structure with larger hole
current which is attributed to the 360◦ domain wall. For -100 Oe applied field both
magnetic layers are saturated and the signal is almost homogeneously bright with
larger parallel current. Taking a line cross section across a 360◦ domain wall, the
magnetic resolution can be determined as shown in the Fig. 2.10c. The line profile
is described by a simple arctan function (solid line) for one side of the wall and the
upper limit of the magnetic resolution is determined to be 28 nm. In this thesis in
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Figure 2.10: BHMM images taken on a Co/Au/NiFe spin valve in subsequent magnetic fields
of (a) - 30 Oe (AP) and (b) -100 Oe (P) at VT = -1.6 V, IT = 3 nA, T= 150 K of scanning area
2×2 µm2. Hole current ranges from 0.5 pA (black) to 1.1 pA (yellow). In (c), a cross section is
shown taken along the white line marked in (b). Taken from Ref [10].

chapter 6, we have demonstrated magnetic resolution using hot electron current in
BEMM experiment which is below 20 nm.

2.7 Summary

In summary, the concept of hot electron and its ballistic transport in a metal based
solid state device (macroscopic) with few important examples from the literature
are discussed. Then, the basic working principle of the microscopic or local tech-
nique i.e. ballistic electron emission microscopy and how it has been extended for
the imaging of magnetic domains in a spin valve device structure are described. Dif-
ferent modes of the technique which can be used for direct hot electron, direct hot
hole and scattered hot carriers transport through the over-layer and locally probe
the metal-semiconductor interface are also highlighted. An introduction to BEEM
theory has been described using Bell-Kaiser model which has been used for the lo-
cal Schottky barrier extraction. The experimental demonstration of the resolution of
BEEM and BHMM have been presented with few earlier examples from the litera-
ture and issues regarding resolutions are also discussed.
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Chapter 3

Experimental Equipments and Device
Fabrication

3.1 Introduction

I
n this chapter, the measurement setups used in this thesis will be presented along
with the basic device fabrication protocols. For the investigation of hot electron at

the nanoscale, Ballistic electron emission microscope (BEEM) is used which is origi-
nally modified from a commercial Scanning tunneling microscope (STM) during this
study. We will only discuss the modifications and optimization in the STM system
to make it suitable for BEEM and related measurement. Various other techniques
for structural, electrical and magnetic characterization of the devices will also be
described.

3.2 The Measurement Setups

We have used BEEM for the study of hot electron transport. An electrical measure-
ment setup is also used for the study of temperature dependent I-V measurements
in the graphene devices as well as for field dependent graphene resistance measure-
ment.

3.2.1 Ballistic Electron Emission Microscopy

In this research a commercial ultra high vacuum, variable temperature, magnetic
STM setup from RHK has been used. The system can be cooled by either liquid
nitrogen or liquid helium which allows measurements to be done between 10 K to
300 K. A filament, mounted in the sample holder, can be used to heat the sample in
order to vary the temperature of the sample. The magnetic fingers are housed inside
the main chamber and can reach a magnetic field of up to 0.3 Tesla. The complete
setup is suspended on three air legs to minimize any vibrational influences as shown
in Fig. 3.1.



32 3. Experimental Equipments and Device Fabrication

Figure 3.1: Schematic view of the Scanning tunneling microscopy system from RHK technol-
ogy which is modified during this project to perform BEEM experiments.

The BEEM system consists of two vacuum chambers, a load lock and the main
chamber housing the BEEM. The load-lock is pumped by a rough pump and a turbo
molecular pump. Sample transfer to the main chamber is performed when the load
lock pressure is at least below 5×10−6 mbar. The main chamber has a base pressure
of around 1×10−10 mbar. An ion pump is used to pump the main chamber to avoid
vibrations. A titanium sublimation pump is also present which is used periodically.
The main chamber, housing the BEEM, also has a storage elevator where a total of
six BEEM holders or tip exchange holders can be stored. A transfer arm allows the
transfer of the holder from the load lock to the main chamber. In the main chamber
a wobble stick is used to transfer the holders from the load lock arm to the BEEM
stage or the storage elevator. The wobble stick is also used in the tip transfer to
release or secure the tip in the tip transfer holder.

A picture of the BEEM-sample stage with the scan head is shown in Fig. 3.2.
In the sample stage a BEEM-sample holder is loaded and the three leg beetle scan
head is lowered on to the sample holder. The tip is mounted in the center of the
scan head which is not visible from this angle. The magnetic fingers are clearly
visible and are in-plane and in very close proximity to the sample. A knob on top
of the BEEM system allows the manual lowering or raising of the scan head on the
sample holder. Modification of the sample holder for BEEM measurement is shown
in Fig. 3.2(b). Inside the BEEM sample holder a BEEM sample is mounted. Along
with the assembled BEEM holder, a copper basket and a sapphire washer are shown.
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Figure 3.2: (a) A picture of the inside of the main chamber showing the Scan-head on top
of a sample holder. (b) Modification of the sample holder for BEEM measurement. Indicated
with (1) and (2) are the bottom and top part of the sample holder. A copper basket (4) is
placed inside the holder on top of a non-conducting saphire washer to isolate it from the
rest of the holder. Another saphire washer is used to mount the BEEM sample (5) inside the
copper basket. Indicated with (6) is the contact pin for the BEEM measurement connected to
the copper basket. Another contact is made by a thin gold foil to the top metallic surface of
the sample which is connected to the holder body.

The copper basket is mounted in the sample holder such that it is electrically isolated
from the sample holder body. The wire attached to the copper basket is soldered to
the inside of one of the contacts of the sample holder. This contact is called the BEEM
contact as indicated by (6). This contacts is also isolated from the rest of the sample
holder and is used to collected the BEEM current. The sample holder has a sample
mounted in the copper basket. On top of the sample a sapphire washer is placed to
ensure electrical isolation. The Au contact grounds the top metallic surface of the
sample such that a tip bias can be applied between the sample top and the STM tip.

For the measurement, the STM tip is brought in close contact to a metal surface
such that a tunnel current is measured. This tip is mounted on a piezo tube allowing
the tip to be scanned over the surface (x and y movement) of the metal and to retract
or approach the surface (z-movement). To measure the tunneling current it is am-



34 3. Experimental Equipments and Device Fabrication

Figure 3.3: Temperature dependent electrical measurement setup.

plified using a current to voltage converter (108 V/A) since the tunnel current is on
the order of 1 nA. The magnitude of the tunneling current is exponentially related to
the distance between the tip and the metal surface. This sensitivity of the tunneling
current on tip to sample distance can be used to map the surface topography of the
sample. With the STM setup all the injected electrons are collected in the ground
channel to form the tunneling current. In all measurements the system is operated
in constant current mode and thus having the z-feedback enabled. Since only a
fraction of the tunneling current is transmitted across the M/S interface, the BEEM
current is necessarily smaller than the tunneling current, often 100 to 1000 times.
Therefore this current also needs to be amplified by a current to voltage amplifier
with an even higher gain of 10 pA/V which corresponds to 1011 V/A. The BEEM
current is amplified by a two stage low-noise current amplifier, SR570 from Stanford
Research System with the required gain. In this setup the STM tip is essentially the
emitter, the metal is the base and the semiconductor is the collector. However, much
unlike other three terminal measurement methods, the BEEM setup is not biasing
the actual device e.g., there is no voltage drop across the base and the collector.

3.2.2 Temperature dependent electrical measurement

In order to measure electric field dependence of graphene resistance and temper-
ature dependent I-V measurement of graphene/Si Schottky diode, another experi-
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mental setup is used as shown in Fig. 3.3. The graphene resistance is measured in
2-probe geometry using lock-in amplifier as an AC source. Before a sample is loaded
into the cryostat, it was mounted on a chip carrier. The back of the substrate, which
is entirely covered with the Cr/Au layers, is mounted on the chip carrier using sil-
ver paint. Ultrasonic wire bonding is then used to make ohmic connections between
the contact pads of the sample and the pins of the chip carrier. All measurements
are performed in vacuum (10−6 mbar) in the dark. The lock-in amplifier (Stanford
SRS 830) is used to produce a sinusoidal output voltage up to 100 kHz. This output
is sent to the I-V measurement box where it is used as a reference to generate an AC-
current output. The I-V measurement box consists of an voltage-current converter,
with output amplitudes from pA to 100 mA and a voltage amplifier. The AC current
is sent to the sample and the potential drop over the graphene is pre-amplified in
the IV-box and is sent back to the lock-in amplifier, where it is compared to the fixed
AC frequency. Additionally a back gate voltage (Vg) is applied to the sample using
a DC voltage source.

Rectifying characteristics of graphene/Si interface is measured by sweeping a
DC bias voltage and measuring the current across the interface using a Keithley
2410 sourcemeter. The device temperature is changed by using liquid nitrogen and
is controlled by a temperature controller.

3.3 Device fabrication protocols

In this section the fabrication protocols of BEEM devices will be presented. First
the realization of the BEEM substrates will be discussed as well as the processing
involved in preparing the samples before thin film deposition. Further, the issues
related to the sample requirements will also be discussed.

3.3.1 Processing of 4 inch wafer

In this thesis, 4" Si wafers are used as the starting substrates which are then pro-
cessed to form the bare BEEM substrates. In total 81 BEEM substrates, having a size
of 6.5×6.5 mm2, can be obtained from a single 4" wafer. For BEEM, the metal base
(top surface of the BEEM sample) and the semiconductor need to be contacted sep-
arately. The top of the sample is grounded such that a bias can be applied between
the tip and metal base. This contact collects the electrons which are not transmitted
across the M/S interface and form the tunneling current IT . The BEEM current is
measured at the bottom of the semiconductor, therefore an ohmic contact needs to
be fabricated to create a back contact.

A flow chart showing all the processing steps is shown in Fig. 3.4.
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Figure 3.4: The processing is described in the text. Note that in the top view only one device
is shown while the 4” wafer contains 81 of these devices separated from each other by dicing
the wafer along the sides of the BEEM substrates.

• The 4" wafer consists of n-type or p-type silicon with a 300 nm thick dry oxide
layer on both side of the wafer.
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• The first step is to deposit a back contact for the BEEM substrate. Before etch-
ing the SiO2 from the back side of the wafer the top of the wafer is protected
against etching with a hard baked photoresist (PR). After etching, the Cr/Au
back contact is deposited using sputter deposition (done at MESA+, Univer-
sity of Twenete).

• Then, the hard PR is removed and the top surface is re-coated with PR. UV
lithography is then used to define the substrate markers.

• After developing, the wafer is loaded in an e-beam evaporator where Cr is
deposited for the markers.

• Then, after a lift-off step the wafer top surface is again coated with PR. The
next UV lithography step defines the device area located at the center of the
markers. Along with this the guide lines between the separate BEEM sub-
strates, needed for dicing the wafer in separate dies, are patterned. The device
area is a circular hole in the PR with a diameter of 150 µm. After the UV expo-
sure, the resist is hard baked to protect the SiO2 from being etched by the wet
etching steps. This ensures that only the defined device area, where the resist
will be removed during developing, will be attacked by the etchants.

• After developing, the wafer is diced resulting in 81 separate BEEM substrates.
The device area, without PR, is still protected during dicing by the 300 nm of
dry SiO2.

Since BEEM is a technique probing the interface properties of the device it is impor-
tant, for comparison, to keep the processing of the different samples as similar as
possible. All processing steps had to be optimized, such as the choice of resist, UV-
exposure and developing time of the PR and the choice of materials for the markers.
For the collection of transmitted current, the material choice for the ohmic back con-
tact is also very important. However, when choosing the material it is not only the
ohmic behavior which has to be considered but also it’s etching resistance. Since
the preparation of a BEEM sample involves long wet etching times with buffered-
hydrofluric acid (BHF, a mixture of HF and ammonium fluoride (NH4F)) and nitric
acid (HNO3) the chosen material should resist these etchants. It is also important
that the material adheres well to the silicon to prevent damage during processing.
To realize an ohmic contact, a metal which forms a low Schottky barrier with n-type
silicon is needed. In addition to that a large contact area is needed since the leak-
age current scales with the contact area. The material of choice would be titanium
since it forms a Schottky barrier of around 0.50 eV [1], which is one of the lowest
Schottky barriers with n-type silicon. In addition to that it is known for it’s good
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adhesion with silicon. However, although titanium has excellent resistance to nitric
acid at room temperature it is heavily attacked by BHF, even in very dilute concen-
trations. The material chosen to form the ohmic contact is chromium which forms
a Schottky barrier of around 0.61 eV [1] and is also well know as an adhesion pro-
moter. Chromium is not attacked by BHF. After a thin layer of chromium, gold is
deposited to prevent the oxidation of the chromium.

3.3.2 Wet chemical treatment

Before any material is deposited on a BEEM substrate a number of wet etching steps
are performed to etch the 300 nm of dry oxide in the device area and to hydrogen
terminate the Si. The sample is etched in BHF (for ∼9 min) to ensure the complete
removal of the SiO2 such that the Si underneath is exposed. Since BHF etches SiO2

very quickly, with a rate of around 1 nm/s, and Si is etched much slower the Si
is only etched slightly. After this the sample is stored in cleanroom conditions for
one day to regrow a thin layer of native oxide. The next day the PR is removed
by etching (for ∼10 min) with nitric acid (HNO3) exposing the SiO2, after this an
ultrasonication step in DI water is performed. Finally a short 1% HF etching step
(for∼1 min) removes the native oxide from the device area and hydrogen terminates
the Si surface. After this the BEEM substrate is loaded in the deposition chamber.
The exposure time of the device area, the time between the 1% HF step and loading
the sample, is shorter than 10 minutes for all device measured. Although the SiO2 is
also etched by the 1% HF the etching rate is much slower ensuring a thick enough
oxide layer to electrically insulate the device. The 1% HF etching step also causes
the Si surface to become hydrogen terminated. This results in a chemically very
stable Si surface and ensures the device area is not oxidized between etching with
1% HF and loading of the sample in the deposition chamber. After all etching steps
DI water rinses are performed to ensure the removal of the chemicals.

3.4 Deposition of metals and graphene on substrates

3.4.1 Molecular Beam Epitaxy

Molecular beam epitaxy (MBE) is one of the best deposition system which is used to
grow epitaxial layers for lattice matched heterostructures. For highly epitaxial metal
semiconductor hybrid structure, MBE is known to give better quality M/S interface
than other deposition systems. The reasons are related to the ultra high vacuum
environment and to the energy of the deposited atoms. Highly epitaxial NiSi2 on
Si substrate is grown by this deposition system and the results are presented in the
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Figure 3.5: (a) Molecular beam epitaxy system. (b) Electron beam evaporator.

chapter 4. With the MBE-system the deposition of Ni and the formation of NiSi2 is
done. First, the sample is loaded in the load lock of the MBE-system, then a vacuum
pump was used to lower the pressure to 10−6 mbar as shown in Fig. 3.5(a). With
this pressure the sample could be transferred to the main chamber, which has a
pressure of 10−10 mbar. In the main chamber the sample is positioned so that the Ni
could be deposited from a Knudsen cell on the Si-surface. The Ni K-cell is heated
to 1440◦ C for a certain amount of time to get a Ni deposition rate of 0.25 nm/min.
Formation of epitaxial NiSi2 at the interface is done by heating up the substrate from
room temperature to a certain temperature as describe in Ref. [2]. The device is then
covered with an Au cap layer at RT, evaporated from a Au K-cell. A 4 nm thick Au-
cap is deposited from a K-cell heated to 1305◦ C, achieved after a 20 min deposition.
This device is then removed from the MBE-system for measurement.

3.4.2 Electron Beam Evaporator

For the BEEM devices with nearly epitaxial Cu/Si interface, an electron-beam (e-
beam) deposition system is used to deposit the metallic layers. The system used
for deposition is a Temescal Thin Film Coater 2000 (TFC-2000) high vacuum sys-
tem with a bell jar load lock as shown in Fig. 3.5(b). The bell jar is pumped with
a turbo-molecular pump until a pressure of 5×10−3 mbar is reached after which
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the valve separating the main chamber and the bell jar is opened. The system has
8 crucibles which are water cooled allowing the deposition of different materials
without breaking the vacuum. With this setup only one material can be deposited
at the same time. The main chamber is pumped with a cryogenic pump and the
pressure during evaporation is typically around 5×10−7 mbar. A quartz crystal mi-
crobalance is used to determine the deposition rate and final film thickness. The
crystal was calibrated against XRR measurements and has a resolution of 0.1 Å/s.
E-beam evaporation allows for a large range of deposition rates varying between
several tenths of Å/s up to ∼1 nm/s, depending on the material being deposited.
The depositions are performed with an acceleration voltage of 10 kV and at the rate
of 1 Å/s.

3.4.3 Deposition of Graphene

There are several ways to produce graphene. In the following sections the produc-
tion process of exfoliated and CVD graphene will be explained, because these are
used for the devices in chapter 8.

Mechanically exfoliated graphene

Micro-mechanical cleavage of graphite flakes is a very low cost, easy to perform
technique. The production method involves several steps. The first step is to take
a piece of highly ordered pyrolytic graphite (HOPG), which are basically graphite
sheets stacked together in a parallel fashion. By applying some tape on the HOPG
and gently taking it off, several layers of graphite are taken off; or in other words
the graphite is cleaved. Because of the use of ordinary household tape, this method
is also referred to as the “Scotch tape” method. Now the graphite can be cleaved
further, by applying a new piece of tape to the first piece, or it can be applied to
the desired substrate (Si with 300 nm SiO2 on top) directly. The tape can be pressed
gently onto the substrate and stroked with a finger or tissue to ensure good contact.
Once the tape is taken off, some graphite, and hopefully graphene, stick to the sub-
strate which can be identified by the optical microscope. This method yields very
high quality graphene flakes of typical sizes in the order of tens of µm. However,
the amount of flakes per area is very low. Therefore it can be a very time consuming
job to locate a good flake.

Chemical vapour deposition graphene

Chemical vapour deposition or CVD graphene is known to cover large areas (>cm2),
but is of lower quality than exfoliated graphene, because it can contain pinholes and
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Figure 3.6: (1) Copper foil with graphene on top is obtained from the graphene supermarket
and (2) polydimethylsiloxane (PDMS) is spin-coated on top. (3) The sample is dipped in ferric
chloride (FeCl3) to dissolve the copper. (4) The PDMS stamp with graphene is applied to the
desired substrate and (5) the PDMS is cleaned with acetone.

wrinkles. Because of its coverage it is a promising candidate for industrial size pro-
duction of graphene based devices.

Graphene is known to grow on all kinds of metals such as: Ni, Pd, Ru, Ir and
Cu [3]. The CVD graphene used for this thesis was obtained from the graphene
supermarket [4] and grown on copper foil. Figure 3.6 illustrates the transfer pro-
cess of the graphene to the substrate. (1) Copper foil with CVD graphene on top is
readily obtained from the graphene supermarket. In order to transfer the graphene
to the desired substrate (2) a polydimethylsiloxane (PDMS) stamp is pressed onto
the graphene. (3) Next the copper is dissolved in ferric chloride (FeCl3) and (4) the
PDMS stamp is applied to the desired substrate. (5) Finally the PDMS stamp is
gently taken off, leaving the graphene stick to the surface of the substrate.

3.4.4 Sample requirement for BEEM measurement

After fabrication of the devices, BEEM experiments can be done where signals as
low as 0.1 pA are detected. Therefore the overall noise of the measurement system
should be lower than 0.1 pA. The most important sources of noise in the BEEM
signal originated from the feedback resistors of the operational amplifier (op-amp)
circuits, which amplify the BEEM current, and the sample itself. The resistance of
the op-amp, around 109Ω, can not be changed and therefore puts a noise floor on
the BEEM current. However, the noise related to the sample can be reduced. The
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voltage fluctuations across a resistor at a finite temperature are known as Johnson
noise and are given by

∆V =
√

4kBTBR (3.1)

where ∆V is the root mean square of the voltage fluctuations, kB is the Boltzmann
constant, T the measurement temperature, B the measurement bandwidth and R

the value of the resistor.
The current passing through a Schottky diode, as described by thermionic emis-

sion theory in chapter 2, is given as

I = A× J = A×A∗∗T 2exp

(
− eφB
kBT

)[
exp

(
eV

nkBT

)
− 1

]
(3.2)

Where A is the area of the Schottky diode, A∗∗ the effective Richardson constant, V
the voltage applied to the Schottky diode, φB the Schottky barrier height and n the
ideality factor. In the case of BEEM we are interested in the zero bias resistance of
the diode which is given as

R0 = (dI/dV |V=0)−1 =
kB

e ·A ·A∗∗ · T
exp

(
eφB
kBT

)
(3.3)

From the above equation it is clear the sample resistance can be increased by re-
ducing the area or by lowering the measurement temperature. The current noise
measured by the op-amp can be expressed as

∆I =

√
4kBTB

R
(3.4)

From the above equation it is clear that increasing the zero bias resistance R0 of the
diode will reduce it’s contribution to the noise. To make sure the diode is not dom-
inating the noise it’s resistance should be higher than the resistance of the op-amp.
Since gold forms a Schottky barrier height of≈ 0.8 eV, with Si, the junction resistance
is on the order of 1 GΩ at room temperature for a diode area with a diameter of 150
µm and thus is high enough to make sure the sample is not dominating the noise.
However, Cu on n-type Si forms Schottky barrier height of ≈ 0.6 eV which gives
junction resistance of the order of 1 MΩ at room temperature with the same diode
area. Thus, the BEEM measurements with the Cu/n-Si Schottky diodes will be only
possible by lowering the temperature so that the junction resistance increases be-
yond 1 GΩ at low temperature. Although the noise is dependent on the diode area
the BEEM current is not since it is determined by the transmission of the charge
carriers which ballistically reach the M/S interface.
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3.5 Device characterization techniques

In this section, we have discussed several techniques to characterize the deposited
thin films. The surface and interface characterization of the BEEM devices are per-
formed with the use of an atomic force microscopy (AFM) and a transmission elec-
tron microscope (TEM). Growth orientation of Cu on Si is determined by X-ray
diffractometer (XRD). A superconducting quantum interference device (SQUID) is
used for the magnetic characterization of the spin valve.

3.5.1 Atomic Force Microscopy

The atomic force microscope (AFM) is used to characterize the surface roughness of
thin film depositions. This allows the optimization of the thin film depositions in
terms of the surface roughness. It is based on sensing the van der Waals forces at the
surface of the Film [5]. The AFM uses a cantilever with a sharp tip to scan the sample
surface. The cantilever is made from Si or Si3N4 and has a tip radius of curvature
on the order of nanometers (∼10 nm). The AFM is operated in a non-contact mode
called tapping mode. The tip is brought into close proximity of a sample surface
and senses the repulsive force between tip and sample surface to map the surface
topography. To monitor the tip deflection a laser is reflected from the top of the
probe and is monitored by an array of photo diodes. By scanning the tip across a
surface a topographic map of the sample surface is created.

3.5.2 Transmission Electron Microscopy

Transmission Electron Microscopy (TEM) is a powerful tool in material science to
characterize the real-space structure of materials with high spacial resolution. TEM
uses a highly energetic electron beam rather than optical light. For visualization
of the crystal structure of epitaxial thin Films of NiSi2 and its interface with Si, we
use cross-sectional TEM with high resolution. It is operated in Bright Field (BF)
mode for imaging larger areas and HRTEM mode for detailed analysis, such as the
thickness of the films, defects, atomic structure and for investigations of the inter-
faces. The cross section specimen is prepared by conventional method involving
cutting, gluing, grinding polishing and ion milling. HRTEM images of NiSi2/Si are
presented in chapter 4 in this thesis.

3.5.3 X-Ray Diffractometer

Growth orientation of Cu on Si is determined by X-ray diffractometer (XRD) at the
macroscopic scale. The XRD measurements are performed with a Phillips XPert
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diffractometer using Cu-Kα radiation. In XRD, x-rays are refracted from a sample at
grazing angles. A monochromatic x-ray beam of wavelength λ irradiates a sample at
a grazing angle ω and the refracted intensity at an angle 2θ is recorded by a detector.
This mode of operation is called the θ-2θ mode [6]. This ensures the incident angle
is always half of the angle of diffraction (ω = θ). We explored the diffraction planes
that are parallel to the film surface and follow the diffraction condition or Braggs
law:

sin θ =
nλ

2dhkl
(3.5)

where, λ = 1.5405 Å for Cu-Kα radiation and dhkl is the distance between parallel
planes in {hkl} direction. In analogy with light falling through a grating, the pe-
riodicity of the lattice planes and the wave character of the X-ray beam results in
a diffraction pattern. The angle θ at which there will be positive interference be-
tween the reflected beams obeys Bragg’s law. Film texture and out-of-plane lattice
parameters are evaluated from these scans.

3.5.4 Magnetic characterization

A superconducting quantum interference device (SQUID) in a commercially avail-
able Quantum Design Magnetic Property Measurement System (MPMS) is used to
characterize the magnetic properties of several spin valves. The MPMS is a sys-
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Figure 3.7: SQUID magnetometer measurements at 100 K of spin-valves with a 10 nm Au
spacer layer (left) and a 10 nm Cu spacer (right). The decoupling is clearly visible as a change
in the slope of the curve. Arrows indicate magnetic field sweep direction and the respective
switching fields of Co and NiFe are also indicated.
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tem with controlled temperature and magnetic field platform that can measure the
magnetic moment of a sample. The sample is moved through a second order gra-
diometer of superconducting wire that is coupled through a well-shielded super-
conducting flux transformer to a dc SQUID. The magnitude of the response of the
gradiometer is proportional to the magnetic moment of the sample but assumes the
sample to be a point dipole moving through the center of the gradiometer. The sen-
sitivity of the system is down to 10−7 emu with an absolute error of the order of 1%
and a relative error of the order of 10−5.

The decoupling of the two ferromagnetic layers in the spin valves is evaluated
for different spacer layers (Au and Cu) at 100 K since the BEEM studies on spin valve
devices are normally performed around 100 K. In Fig. 3.7 the SQUID measurements
are shown for two spin valve devices which clearly show the switch of the separate
magnetic layers. The device structures are indicated inside the figure. The arrows
show the direction in which the magnetic field is changed. When decreasing the
magnetic field the softer ferromagnet (NiFe) starts to switch. When the magnetic
field becomes large enough the second ferromagnet also starts to switch, resulting
in a superposition of the changes in both magnets, causing a change in slope. For
both device NiFe is found to switch around 10 to 14 Oe however, Co is found to
switch at around 110 Oe for the Au space and around 45 Oe for the Cu spacer. Such
a large change in switching field of Co is due to growth of Co on two different
underlying layers as discussed in Ref. [7]

3.6 Summary

All experimental details related to the deposition of highly epitaxial and nearly epi-
taxial thin films and graphene on Si substrate are presented. A sample fabrication
process is defined for the BEEM devices. Various characterization techniques used
to investigate structural, magnetic and electronic properties of thin films and inter-
faces are discussed.
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Chapter 4

Hot Electron Transport across Epitaxial
NiSi2/n-Si Interface

Abstract

In order to investigate the fundamental aspects of hot electron transport, it is best to
consider an epitaxial interface with good thermal stability in a device. For Si, NiSi2
and CoSi2 form epitaxial interfaces with minimal lattice mismatch of 0.46% and 1.2%
respectively at room temperature and are thus promising for probing hot electron trans-
port. In this chapter we have considered an epitaxial NiSi2/n-Si(111) interface for the
investigation of hot electron transport and discuss the results in three sections. In the
first part, hot electron transmission across different crystal orientations of the epitaxial
NiSi2/n-Si(111) interface and in metals (Ni, Au) across such interfaces are investigated.
Different crystal orientations of epitaxial NiSi2 are formed on a Si(111) substrate and the
presence of different types of NiSi2 interfaces on Si(111) are confirmed by high resolution
transmission electron microscopy. In the second part, the hot-electron attenuation length
in ferromagnetic Ni as a function of energy is compared across two distinctly different
Schottky interfaces viz. a polycrystalline Au/n-Si(111) and an epitaxial NiSi2/n-S(111)
interface. In both cases, the hot-electron attenuation length in Ni is found to be the
same. In the third part, hot electron transport and the attenuation length of direct and
scattered carriers across the NiSi2/n-Si(111) interface of varying NiSi2 thickness, is in-
vestigated. We find the BEEM transmission for the scattered hot electrons in NiSi2 to
be significantly lower than that for the direct hot electrons, for all thicknesses of NiSi2.
Interestingly, the attenuation length of the scattered hot electrons is found to be twice
larger than that of the direct hot electrons. At the end of this chapter, possible spintronics
devices using such interfaces for future study are also discussed.

4.1 Introduction and Motivation

S
pin injection and detection of electrons in semiconductor spintronic devices has
been recently demonstrated [1, 2], based on the hot electron transport scheme. It

was shown that the efficiency of electron spin transport in bulk silicon (Si), in such
devices, is reduced by the presence of undesirable and uncontrollable silicides at
the ferromagnet (FM)/Si interface [2]. On the other hand, properly tuned epitaxial
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silicides can be grown on Si substrates with enhanced thermal stability and such
interfaces can be used as building blocks of semiconductor spintronic devices. Such
epitaxial interfaces, which can be tuned to grow atomically abrupt on Si, are also an
ideal model system to study spin transport in general.

In order to use such epitaxial interfaces for studying spin dependent transmis-
sion in spin-valve structures, it is first necessary to investigate hot electron trans-
mission across the rectifying M/S interface [3]. In this work, we have optimized
the epitaxial growth of NiSi2 on Si. We have then investigated hot electron trans-
port through magnetic (Ni) and nonmagnetic metals (Au, NiSi2) across such care-
fully grown interface of NiSi2/n-Si(111). The nondestructive Ballistic Electron Emis-
sion Microscopy (BEEM) technique [4] for hot electron transport measurement at
the nanoscale is used. By varying the metal thickness, we have extracted the hot
electron attenuation lengths of magnetic (Ni) and nonmagnetic (NiSi2) metals for
further spin transport studies. At the end we have discussed a new possible de-
vice scheme which can be used to investigate perpendicular spin transport through
Graphene/ Graphite spin filter devices as theoretically predicted [5].

4.2 Epitaxial growth and properties of NiSi2 on Si

Both NiSi2 and CoSi2 are very useful material as they can be grown epitaxially [very
high quality interface] on Si with enhanced thermal stability, hence a subject of fun-
damental interest due to its applicability as contact materials in very large-scale in-
tegration (VLSI) technology. For hot electron transport in such epitaxial systems,
Stiles and Hamann calculated the transmission spectra using an ab initio method
[6, 7] by not considering the basic assumptions like free electron approximation for
the metal overlayer and an effective mass approximation for the semiconductor sub-
strate. These systems are thus an ideal model system for both experimental and
theoretical study of ballistic electron transport across the interface. So far extensive
BEEM studies have been carried out for CoSi2/Si interface [8, 9, 10] but not for the
NiSi2/Si interface. Here our focus is to enhance the understanding of perpendicular
transport characteristics in NiSi2 and across the epitaxial interface such that it can
be used in spintronics where epitaxial silicides can be either utilized to inject spins
in Si or as base layers for spin transport.

In our research we have considered NiSi2 from two perspectives: (i) two differ-
ent structural orientations, namely type-A and type-B, depending upon the growth,
with different interface transport properties [discussed later in more details] and,
(ii) growth of NiSi2 by reaction of Ni with Si at high temperature forming a tem-
plate for the growth of Ni and graphene by chemical vapor deposition (CVD). Such
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Figure 4.1: The morphology depends critically on the substrate orientation: (a) NiSi2 on
Si(100): a faceted interface, (b) NiSi2 on Si(111): a homogeneous epitaxial interface.

interfaces are expected to provide an opportunity to study spin filtering effect as
theoretically proposed by Karpan et al., in Ref. [5].

4.2.1 Epitaxial growth of NiSi2 on Si substrate

NiSi2 can be grown epitaxially on Si substrates with very small lattice mismatch of
only about 0.46% (Si: aSi = 5.431 Å of diamond cubic lattice and NiSi2: aNiSi2 =
5.406 Å of cubic CaF2 crystalline structure) at room temperature [11]. The method
of growing NiSi2 thin films is by depositing a thin layer of Ni followed by anneal-
ing around 450 to 500◦ C temperature. This annealing is required to form the NiSi2
phase from the deposited Ni thin film [13]. The properties of the silicide layer de-
pend critically on the underlying Si substrate orientation as well as on some growth
parameters. The growth of NiSi2 layer on Si(100) and Si(111) are studied using cross-
sectional transmission electron microscopy (TEM) and are shown in Fig. 4.1. If (100)
oriented silicon is used, the resulting film is highly inhomogeneous as also observed
previously [14, 15]. Instead of a straight interface running along the (100) planes of
silicon, a faceted interface is observed with sharp interfaces along the (111) direc-
tions of silicon. These facets are triangular or trapezoidal in shape in one direction,
and bar like in the other direction. Therefore they are often called facet bars. The
facet bars can be observed in plane-view of TEM. The occurrence of these facet bars
is due to the fact that the NiSi2/Si interface is much less stable along the (100) di-
rection of Si as compared to the (111) direction. Although initially both Si(100) and
Si(111) were investigated, but Si(100) was abandoned thereafter because of the in-
homogeneous growth and thus not a good choice for spin transport studies.



50 4. Hot Electron Transport across Epitaxial NiSi2/n-Si Interface

Type A (NiSi  )2

Type B (NiSi  )2

Ni

Si

Ni

Si

a) b)

Figure 4.2: a) The percentage of type-A NiSi2 and type-B NiSi2 films grown by annealing
room-temperature-deposited Ni on Si(111). Taken from Ref. [13]. b) Balls and sticks models
of the two types NiSi2/Si(111) interfaces viewed in the <11̄0> direction.

If Si(111) substrate is used, a uniformly homogeneous epitaxial interface can be
obtained as shown in Fig. 4.1 b). However, there are two possible interface struc-
tures. These interface structures are called type A and type B. When the lattice of
NiSi2 is aligned along the direction of the underlying Si(111) lattice, the interface is
called type-A; when they are 180◦ rotated about the Si surface normal, the interface
is called type-B. The growth of type A and B interfaces can be controlled by varying
the initial Ni thickness in the MBE deposition. This dependence was already deter-
mined in 1983 by Tung et al., and the graph obtained then is shown in Fig. 4.2a). The
structure of the two interfaces differ only in the position of third nearest neighbors
and beyond to the last Ni layer as shown in the ball and stick models in Fig. 4.2b).
For a deposited Ni thickness around 1.7 nm, the interface will be entirely type A.
However, for Ni thicknesses around 0.5 nm the interface will be completely type
B. When other Ni thickness is used, the resulting interface will be of mixed type.
It is important to note that one is not restricted to use exactly these thicknesses in
devices. It is also possible to grow thicker films of NiSi2 on top of the films obtained
with the initial thicknesses described above. The NiSi2 film already present acts as
a template for the growth of the thicker films. The effect of the template is that the
interface type is fixed. In other words, increasing the thickness of a pure type A
film results in a thicker pure type A film, and similar for type B and mixed inter-
faces. The two types of interfaces can be distinguished in cross sectional TEM when
looking along the <110> direction of Si and are shown in Fig. 4.3 a) as observed by
Tung et al. This structural difference between type A and type B interfaces is not
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Figure 4.3: a) High-resolution TEM images of NiSi2 on Si(111) interface viewed in a <110>
cross section of type-A (top) and type-B (bottom) interface [12]. b) Forward current charac-
teristics of thin (∼7 nm) type-A and type-B NiSi2 layers on Si(111). Taken from Ref. [13].

the only difference between them. Also, the electronic and transport properties of
the two interfaces are different. Most notably, the Schottky Barrier Height (SBH) of
the two interfaces differ considerably. For type A and type B interfaces it is approx-
imately 0.64 and 0.78 eV respectively as shown in Fig. 4.3 b). These values were
obtained through macroscopic measurements, mainly I-V and C-V characteristics,
on samples of a single interface type. On samples with a mixture of type A and B
interfaces, or a mixed interface for short, the measured SBH lies in between that of
type A and B. The exact value of the barrier height then depends on the coverage
of the individual interfaces. In addition to that, in a theoretical calculation of the
BEEM spectra based on a first-principles computation of the transmission across the
interfaces, a factor of three difference in the transmission is predicted between type
A and type B NiSi2/n-Si(111) interfaces at low bias.

4.2.2 Theory of BEEM spectroscopy across NiSi2/n-Si(111)

Theoretical calculations of BEEM spectra by Stiles and Hamann predict dissim-
ilar hot electron transmission probability across the type-A and type-B epitaxial
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NiSi2/Si(111) interfaces [6]. The transmission probabilities which is the transmit-
ted electrons relative to the incident electrons, are calculated taking into account the
atomic scale details of the wave functions in each material and of the potential at
the interface using an ab initio method [7] developed to study epitaxial interfaces.
Since BEEM can probe the transmission across interfaces, it should be possible to
measure the difference, given the ability to grow type-A and type-B interfaces on
the same substrate. From the calculation it has been found that the large difference
in the BEEM spectra for two interfaces is due to the large difference in the transmis-
sion probability between them.Below the Schottky barrier there are no states in the
Si so the transmission probability is zero for both the interfaces. Above the barrier
the transmission probability increases from zero as the square root of the energy,
but differs by about a factor of 3 between the two interfaces at low voltages. In ad-
dition, the calculation predicts, for an incident energy of 0.15 eV, about 50% of the
incident electrons are reflected by the type-A interface and 80% by the type-B inter-
face. This large difference in the transmission can not be explained by an effective
mass approximation that ignores the atomic scale details of the wave function.

4.3 BEEM study across Epitaxial NiSi2/n-Si(111) Inter-
face

In this section, we have investigated hot electron transmission across the epitax-
ial NiSi2/n-Si(111) interfaces using BEEM. Different crystal orientations of epitaxial
NiSi2 are grown on Si(111) substrate using MBE. The presence of different inter-
faces of NiSi2 on Si(111) were confirmed by high resolution transmission electron
microscopy. Electrical transport measurements reveal a clear rectifying Schottky
interface with a barrier height of 0.69 eV. However, using BEEM, three different
regions with different transmissions and Schottky barrier heights of 0.65 eV, 0.78
eV, and 0.71 eV are found with varying BEEM transmission. This result closely
matches with theoretical calculations done for ballistic transport in such systems
[6], for which no experimental evidence existed thus far. Adding a thin capping
layer of Au does not reduce IB significantly, however, the insertion of a thin Ni
layer between Au and NiSi2 does. It strongly reduces the BEEM transmission at all
interfaces and interestingly, makes the transmission almost equal for all. We analyze
our results by considering the role of momentum conservation at the M/S interface
and the inelastic and elastic scattering of hot electrons in different metallic layers
and their interfaces in such structures.
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Figure 4.4: High-resolution TEM images of thin NiSi2 film on Si(111) substrate viewed along
<11̄0> direction. The epitaxial NiSi2 film is formed on Si(111) surface as described in the text.
All these images are from the same sample but in different regions where Type A and Type B
regions are clearly visible with some mixed kind of phase.

4.3.1 Device fabrication and I-V characterization

For this study, epitaxial NiSi2 films were grown on Si(111) substrates in an ultra
high vacuum molecular beam epitaxy (UHV MBE) system following the well estab-
lished method of Tung et al [13]. Substrates consist of buffered hydrofluoric acid
(HF)-etched n-Si(111) with a lithographically defined area of 150 µm diameter, sur-
rounded by thick SiO2 insulator. The Si surface was H-terminated using 1% HF
and immediately loaded into MBE system, at a base pressure of 10−10 mbar. A
pre-annealing step at 550◦ C for 5 min was done before depositing Ni of thickness
∼1.5 nm at room temperature (RT). The temperature of the substrate was there-
after raised to 500◦ C for 5 min to form NiSi2. The thickness of the NiSi2 layer is
2-3.5 times the deposited Ni layer thickness. Further deposition of the top Ni layer
(3 nm) on NiSi2/Si(111) and the Au cap layer (4 nm) were done at RT. The devices
were then transferred into an UHV STM system and BEEM measurements were per-
formed at RT. The growth of NiSi2 layer on Si(111) is studied using cross-sectional
high resolution transmission electron microscopy (HRTEM) and shown in Fig. 4.4.
Two different crystal orientations of NiSi2 on Si(111) are possible by tuning the de-
posited Ni thickness and the annealing temperature. Figure 4.4 a) and b) show the
co-existence of both Type A and Type B interface with an intermediate region. Dif-
ferences in local thickness of the initial Ni layer and their growth kinetics can lead
to the coexistence of such different interfaces.
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Figure 4.5: Electrical (I-V) characterization of NiSi2/n-Si(111) Schottky interface of the above
structure at RT. The straight line is a fit using the thermionic emission theory as described in
the text.

The NiSi2/n-Si(111) interface is first characterized using standard current-voltage
(I-V) measurements. Figure 4.5 shows a typical I-V characteristic. At RT, clear recti-
fying behavior, with low reverse leakage current is observed with the forward bias
current increasing rapidly with increasing bias. The barrier height was obtained
from the I-V plot by fitting the forward bias characteristics using the thermionic
emission theory

I = A∗∗.A.T 2exp(− qφB
kBT

)

[
exp(

qV

nkBT
)− 1

]
(4.1)

The symbols have their usual meanings [3]. The extracted SBH of the NiSi2/n-
Si(111)interface is 0.69 ± 0.01 eV with an ideality factor 1.

4.3.2 Hot electron transmission across NiSi2/n-Si(111) interface

Hot electron transmission in epitaxial NiSi2/n-Si(111) interface is studied using
BEEM. A large area ohmic back contact to n-Si(111) is used to collect the transmitted
hot electrons, IB , while the top metal over-layer is grounded [see inset of Fig. 4.6(a)].
Representative BEEM spectra, shown in Fig. 4.6 a), are obtained by sweeping the tip
bias while recording IB at constant tunnel current injection. Each spectrum is an
average of more than 100 individual spectra taken at several different locations of
the device. With increasing tip bias, a rather sharp onset of IB is observed which
corresponds to the local Schottky barrier height at the M/S interface. Three dis-
tinct regions corresponding to three M/S interfaces are found with different BEEM
transmission. The local Schottky barrier heights are extracted, using BK model, by
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Figure 4.6: (a) BEEM transmission per nA of injected tunnel current in NiSi2/Si(111) layer, at
RT, of the same device. Three different regions with different values of transmitted current
are measured. Inset shows the schematic of the BEEM technique. The STM tip locally injects
electrons into the sample by tunneling at bias voltage VT between tip and NiSi2 layer. The
current IB transmitted perpendicularly through the layer is collected in n-Si with a third
electrical contact at the rear. (b) Square root of the BEEM transmission with applied bias, VT .
The intercepts of the solid lines with the voltage axis give the local Schottky barrier heights
for the three interfaces according to BK model.

plotting the square root of IB with tip bias VT [see Fig. 4.6(b)]:

IB
IT
∝ (VT − φB)2. (4.2)

Near threshold, the intercepts of the solid lines with the voltage axis yields SBHs
of 0.65±0.01 eV, 0.71±0.01 eV, and 0.78±0.01 eV corresponding to Type A, interme-
diate and Type B interfaces, respectively. Unlike the macroscopic I-V characteristic
[Fig. 4.5] yielding a single SBH, BEEM measurements on the same sample reveals
three different SBHs. This establishes the sensitivity of the BEEM to probe local in-
homogeneities in electron transport on the nanoscale. From the BEEM spectra, it is
seen that IB for Type A interface is∼3 times larger than for Type B whereas the trans-
mission for the intermediate phase lies in between. The hot electron transmission
and collection at the M/S interface is sensitive to the inelastic and elastic scattering
in the NiSi2 layer as well as to the details of the electronic structure and bonding of
Ni and Si at the interface. The nearly 3 times larger transmission at Type A interface
than at Type B, which has not been earlier observed, matches well with a theoretical
work by Stiles and Hamann. Assuming the inelastic scattering in the NiSi2 layer to
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be the same for all the crystal orientations, this difference in transmission probabil-
ity causes a reduction in IB that we observe between Type A and Type B interface.
This reduction is quite surprising, given the fact that the structure of the two inter-
faces differ only in the position of the third and higher nearest neighbors. Whether
such differences in transmission probabilities arises due to an incompletely bonded
Ni (Type B) or a fully bonded Si (Type A), or due to the absence of matching states
at either side of the interface, or due to strain is difficult to conjecture at this point.

4.3.3 Hot Electron Transmission in Metals using such Interface

Further, we have also studied BEEM transmission across these three interfaces by
adding a thin polycrystalline Au layer (4 nm) on NiSi2 [Fig. 4.7 (a)]. The BEEM
transmission is reduced at Type A interface from 39 pA to 30 pA (at -1.8 eV), from
26 pA to 20 pA at the intermediate interface and from 14 pA to 8 pA at Type B
interface. IB can be described as [17]:

IB ∝ TAuTNiSi2∝ α.[exp(−
dAu
λAu

)exp(−dNiSi2
λNiSi2

)], (4.3)

where the transmission TAu,NiSi2 depends exponentially on the hot electron atten-
uation length (λ) in the films of thicknesses (d) and on the transmission across the
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Figure 4.7: (a) BEEM transmission per nA of injected tunnel current in Au(4nm)/
NiSi2/Si(111) layer stack. The transmission is different at all the interfaces and only nom-
inally decreased as compared to Fig. 4.6(a). Measurements are at RT. (b) BEEM transmis-
sion per nA of injected tunnel current in Au(4nm)/Ni(3nm)/NiSi2/Si(111) layer stack. The
transmission decreases significantly due to inelastic scattering in the Ni layer and at the two
interfaces.
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interfaces (α). The attenuation length of hot electrons in Au, at -1.8 eV, is quite large
(∼12 nm); thus, a thin Au film does not attenuate IB significantly, as is also observed
in Fig. 4.7 (b). The nominal reduction in IB at all the three interfaces is due to the
interfacial attenuation at polycrystalline Au and epitaxial NiSi2 interface. The inter-
facial attenuation is a combination of the mismatch of the electronic states at both
sides of the interface and elastic scattering due to interface disorder, defects, etc.

However, the insertion of a thin Ni layer (3 nm) in between Au and NiSi2 layer
strongly reduces the transmission at all the interfaces. The reduction in IB is strongest
for Type A and the intermediate interface (∼4-5 times) whereas for the Type B inter-
face IB reduces only slightly. IB can now be written as:

IB ∝TAuTNiTNiSi2∝ β.[exp(−
dAu
λAu

)exp(−dNi
λNi

)exp(−dNiSi2
λNiSi2

)] (4.4)

Thus IB now depends also on the hot electron attenuation length (λ) in Ni in addi-
tion to Au and attenuation at their corresponding interfaces (β). In a recent study
[describes in next section], we have found the hot electron attenuation length in Ni
to be 2.5-3 nm with negligible energy dependence. For a 3 nm Ni layer, this should
reduce IB at all interfaces by a factor of e. However, the reduction in IB at Type A
and intermediate interfaces are larger than in Type B. This is because elastic scatter-
ing events at the Ni/NiSi2 interface further attenuate IB (due to enhanced momen-
tum scattering). Attenuation at the Au/Ni interface is minimal (good match of the
electronic band structure)[18]. But, for Type B interface, such scattering events (at
Ni/NiSi2) do not significantly influence IB , as the strong momentum scattering at
the NiSi2/Si(111) interface will not be altered further, for the reasons explained ear-
lier [Fig. 4.7 (a)]. The collected current at all the three interfaces now almost equal.
This is most likely due to a reduced transmission probability at Type A interface as
compared to Type B.

4.4 Hot Electron attenuation length in Ni

The fundamental scattering mechanisms governing hot-electron spin transport in
magnetic materials over a wide energy regime is a subject of intense research [19,
20, 21, 22, 23, 24, 25, 26, 27]. From transport experiments with hot electrons, the en-
ergy dependent attenuation length in several FMs such as Co, NiFe, CoFe etc. has
been determined [19, 20, 21, 22, 23, 24]. The sensitivity of the hot-electron attenu-
ation length to the momentum distribution of the injected electrons in Co was also
demonstrated [24]. Using identically prepared metal base, it was seen that the at-
tenuation length in Co was found to be a factor of 2 larger for hot electron injection
across an amorphous Al2O3 tunnel barrier as compared to an ideal vacuum tunnel
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Figure 4.8: Schematic layout and energy band diagram of a BEEM experiment. A PtIr tip
is used to inject hot electrons over the vacuum barrier, in a Au(NiSi2)/Ni/Au base. The
transmitted electrons are then collected in an n-Si(111) semiconductor. Au and NiSi2 layers
on n-Si(111) give rise to two different SBHs φB or φ′B as depicted.

barrier. In spite of the aforementioned studies, our overall understanding of the
processes governing hot-electron transmission and attenuation length in FM metals
is still incomplete.

In this section, we investigate the energy dependence of the hot-electron atten-
uation length in Ni and extricate the influence of different scattering processes on
it by using two different Schottky interfaces, namely, a polycrystalline Si(111)/Au
and an epitaxial Si(111)/NiSi2 Schottky interface. Two different sandwich struc-
tures of Au/Ni(t)/Au and NiSi2/Ni(t)/Au with Ni thickness varying from 2 - 10
nm are used. The top Au layer provides a chemically inert surface for ex situ sample
transfer, and the bottom Au and NiSi2 layers on Si(111) form the polycrystalline and
epitaxial Schottky interfaces, respectively. The choice of the two Schottky interfaces
was determined by the fact that Au on Si is the canonical polycrystalline Schottky
interface for hot electron studies, whereas the epitaxial Schottky interface of NiSi2
on Si acts as a good energy and momentum filter for hot electrons, as established by
our earlier work. IB was recorded at a fixed injection current, over a wide energy
range and for each Ni thickness, on both the Schottky interfaces. The exponential
decay of IB with varying Ni thickness allowed us to extract the hot-electron atten-
uation length in Ni at different energies. For similarly prepared Si(111) substrates
and identical Ni thickness, the BEEM transmission is found to be lower for the poly-
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crystalline interface than for the epitaxial interface. However, in both cases, the
hot-electron attenuation length in Ni is found to be the same. This is elucidated by
the temperature-independent inelastic scattering, transmission probabilities across
the Schottky interface, and scattering at dissimilar interfaces.

4.4.1 Device fabrication and I-V characterization

Our device structures involved the preparation of atomically flat n-Si(111) substrates
onto which the metal layers were deposited using an ultrahigh-vacuum molecular
beam epitaxy (UHV MBE) system. Substrates consisted of buffered hydrofluoric
acid (HF)-etched n-Si(111) with a lithographically defined area of 150 µm diameter
surrounded by a thick oxide insulator. The Si surface was H-terminated using 1%
HF followed by a second anisotropic etching step using 40% ammonium fluoride
(NH4F) solution. This anisotropic etching step resulted in well-terminated Si(111)
planes at the surface [28, 29]. The substrates were then immediately loaded into
the MBE system at a base pressure of 10−10 mbar. Two different sets of samples
were fabricated: for the first set, a thin epitaxial NiSi2 was grown on an atomically
flat Si(111) substrate following the well-established method described elsewhere
[13, 30]. Further deposition of the Ni thin films of varying thicknesses (t) and of
the Au cap layer (4 nm) were performed at RT. For the second set, a 8 nm Au layer
was grown to form the polycrystalline Schottky interface on Si(111). Here, too, Ni
layers of varying thicknesses (t) were deposited, followed by a 4 nm Au cap at RT.
The devices were then transferred into an UHV STM system for transport measure-
ments.

The rectifying behavior of the diodes was first characterized using standard
current-voltage (I-V) measurements. Figure 4.9 shows a typical I-V characteristic
for both the diodes. The Schottky barrier heights were obtained from the I-V plot by
fitting the forward bias characteristics using thermionic emission theory [3]. φB was
determined to be 0.80 ± 0.02 eV and 0.59 ± 0.02 eV for the n-Si(111)/Au/Ni(t)/Au
and the n-Si(111)/NiSi2/Ni(t)/Au device structures, respectively with an ideality
factor of n=1 for both cases.

4.4.2 BEEM imaging across two interfaces

For the BEEM studies, a modified commercial STM system from RHK technology
was used. The top metal layer of the device structure was grounded and a large
area ohmic contact to the back of the n-Si(111) substrate was used to collect the
transmitted electrons, IB . BEEM measurements were performed at RT for all device
structures with the Si(111)/Au Schottky interface and at 100 K for diodes with the
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Figure 4.9: Electrical (I-V) characterization of the devices on n-Si(111) with two different
Schottky barrier heights at room temperature. The active device area was 150 µm in diameter.
The straight lines were fitted using the thermionic emission theory as described in the text.

Si(111)/NiSi2 Schottky interface. The latter was necessary because for diodes with
low SBH, as in Si(111)/NiSi2 interface, Johnson noise can dominate the collected
current.

STM topography and simultaneously acquired BEEM images were obtained with
a mechanically cut Pt0.8Ir0.2 tip at a bias of -1.4 V and tunneling current of 1 nA as
shown in Figs. 4.10 (a), 4.10(d) and Figs. 4.10(b), 4.10(e), respectively for two dif-
ferent devices on both the M/S interfaces. The STM topography shows the mor-
phology of the Au grains of the top metal layer for both device structure. The root
mean square (rms) roughness on the surface of Au grains is found to be ∼0.9 nm
for both the devices. The device structure on the epitaxial M/S interface has smaller
Au grains (∼10 nm diameter) compared to that on the polycrystalline M/S inter-
face (∼20 nm diameter). Corresponding BEEM images in Figs. 4.10(b) and 4.10(e)
represent spatial maps of the transmitted current. A quantitative analysis of the his-
togram of the transmitted current for both cases at VT=-1.4 V is shown in Figs. 4.10(c)
and 4.10(f). The mean value of IB is 2.1 ± 0.5 pA/nA for n-Si(111)/NiSi2/Ni(8
nm)/Au and 0.5± 0.2 pA/nA for n-Si(111)/Au/Ni(8 nm)/Au.
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Figure 4.10: Surface topography as obtained by STM (top panels) and simultaneously
recorded BEEM image (middle panels) of n-Si(111)/NiSi2/Ni(8 nm)/Au [(a), (b)] and n-
Si(111)/Au/Ni(8 nm)/Au device [(d), (e)] measured at VT = -1.4 V, IT = 1 nA. The
STM/BEEM images were recorded at 100 K in (a) and (b) and at RT for (d) and (e). Bright
(dark) regions in the BEEM image represents high (low) transmission. Histograms of the dis-
tribution in IB derived from BEEM images in (b) and (e) are shown in (c) and (f), respectively.

4.4.3 BEEM Transmission in Ni across polycrystalline Interface

Figure 4.11 shows the BEEM transmission in Ni, of varying thicknesses, recorded
as a function of tip bias VT and at a constant tunnel current IT . Each spectrum is
an average of more than 100 individual spectra taken at several different locations
of the device structure. Figure 4.11(a) represents hot-electron transmission in Ni
across the polycrystalline Si(111)/Au interface as well as for a device structure with
no Ni layer. Figure 4.11(b) represents transmission across the epitaxial Si(111)/NiSi2
interface. In both cases, each spectrum was fitted to the BK model [4] and the local
SBHs extracted by plotting the square root of normalized IB with VT as√

IB
IT
∝ (VT − φB). (4.5)
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Figure 4.11: (a) BEEM transmission per nanoampere of injected tunnel current versus VT for
n-Si(111)/Au(8 nm)/Ni(t)/Au(4 nm), with Ni thicknesses of 0, 2, 4, 6, 8, and 10 nm. The
curve for zero Ni thickness has been divided by 4. Measurements were done at RT, and the
average SBH found to be 0.80 ± 0.02 eV, as shown in (b).

Near the threshold, we find φB at the Si(111)/Au interface to be 0.80±0.02 eV and
0.60±0.02 eV at the Si(111)/NiSi2 interface. This matches well with the results from
the macroscopic I-V measurement shown in Fig. 4.9. The anisotropic etching process
using 40% NH4F yields an uniform interface of NiSi2 on Si(111) with an uniquely
defined SBH. Figure 4.11(a) shows that the insertion of a thin (2 nm) Ni layer in
Si(111)/Au structure reduces the transmission by a factor of 4. Further, we find
that the BEEM transmission is smaller on the polycrystalline Si(111)/Au interface
as compared to that on epitaxial Si(111)/NiSi2 for all Ni thicknesses measured.

4.4.4 BEEM Transmission in Ni across epitaxial Interface

To understand the reduction in BEEM transmission at the polycrystalline Schot-
tky interface as compared to that across the epitaxial interface, while λ in Ni is
the same for both, we consider the different scattering processes relevant for hot-
electron transport. Using Matthiessen’s rule, the hot-electron attenuation length can
be written as the sum of inelastic [λi(E)] and elastic (λe) scattering lengths as

1

λ(E)
=

1

λe
+

1

λi(E)
. (4.6)

The collected current IB is a cumulative effect of the hot-electron transmission in
Au, Ni and NiSi2 layers, elastic scattering at the Ni/Au and Ni/NiSi2 interfaces,
and the transmission probability at the Si/Au and Si/NiSi2 Schottky interface. The
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Figure 4.12: (a) BEEM transmission per nanoampere of injected tunnel current versus tip
voltage for n-Si(111)/NiSi2(4 nm)/Ni(t)/Au(4 nm) for Ni thicknesses of 2, 4, 6, 8, and 10 nm.
Measurements were done at 100 K, and the average SBH found to be 0.60 ± 0.02 eV, as shown
in (b).

hot-electron transmission through a multilayer structure can be described as

T ∝ TAu or NiSi2 × TNi(t)× TAu. (4.7)

The transmissions TAu, TNi, TNiSi2 depend exponentially on the hot-electron at-
tenuation lengths (λ) and the individual film thicknesses as describe by Eq. (4.9).
Assuming that the injected hot electrons are similarly attenuated in the top Au and
Ni layers for both cases, we now analyze the other contributions to the observed dif-
ference in IB . In a recent study, the hot-electron attenuation length λ in NiSi2 at VT =
-1.4 V [next section], is determined to be 12 nm, similar to that in Au. We have used
a thinner NiSi2 (4 nm) film than Au (8 nm) at the Schottky interface; however, we
find from a simple calculation that IB would still be larger at the epitaxial interface,
even for an 8 nm NiSi2 film, using the values of λ as stated above. We consider next
the attenuation on both sides of the Schottky interface for both Si(111)/Au/Ni and
Si(111)/NiSi2/Ni. The good match of the electronic band structure at the Ni/Au
interface is expected to result in minimal attenuation of the hot electrons at this in-
terface [18]. The lattice mismatch between Ni and NiSi2 is larger than between Au
and Ni, thus qualitatively suggesting that interface attenuation is larger in the for-
mer. In spite of the above interface attenuation in the base layers (viz. Au/Ni/Au
and Au/Ni/NiSi2), the BEEM transmission for the entire device structure is found
to be always larger for the epitaxial interface. This can be understood by the dif-
ferences in the transmission probability across the Schottky interface. The epitaxial
Si(111)/NiSi2 Schottky interface will have a higher transmission probability as com-
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Figure 4.13: (a) Normalized BEEM transmission as a function of Ni thickness at VT = -1.2 V
for both the Schottky interfaces. (b) Variation of the attenuation length in Ni with energy for
both the Schottky interfaces.

pared to the polycrystalline Si(111)/Au Schottky interface, where momentum mis-
match of the transmitted hot electrons with that of the available states in Si could
lead to a large reduction in the BEEM transmission [6].

4.4.5 Comparison of two attenuation lengths

To determine the hot-electron attenuation length (λ) in Ni, the BEEM transmission
at VT = -1.2 V is plotted with varying Ni thicknesses (tNi) in Fig. 4.13(a). The solid
lines are a fit to the exponential decay of IB with tNi as

IB
IT

= R(E)× exp
(
− tNi
λNi(E)

)
, (4.8)

where R(E) is the energy-dependent proportionality constant and represents the
transmittance for zero Ni thickness. The attenuation length in Ni extracted in this
way was found to be 3.2± 0.3 nm at -1.2 V for the polycrystalline Si(111)/Au Schot-
tky interface [R(E) = 3.1] and 3.1 ± 0.3 nm for the epitaxial Schottky interface of
Si(111)/NiSi2 [R(E) = 22.0]. By extrapolating IB to tNi = 0 [data from Fig. 4.11(a)],
we find it to be attenuated by a factor of 2.2 due to the addition of two similar Au/Ni
interfaces. Interface attenuation arises due to the mismatch of the electron states at
both sides of the interface and elastic scattering due to interface disorder, defects,
etc. The values of λNi are then extracted similarly at various STM tip biases for both
the device structures and plotted in Fig. 4.13(b). We find that the attenuation length
in Ni does not change significantly with increasing STM tip bias for both device
structures. This energy dependence can be correlated to the almost constant density



4.5. Direct and Scattered Hot Electron attenuation in NiSi2 65

of unoccupied states in Ni into which the hot electrons can propagate [18, 31]. The
attenuation length in Ni determined here is larger than an earlier report measured
directly on Si [27].

The similar values of the hot-electron attenuation length in Ni for both interfaces,
while IB is different, thus points to the fact that λ strongly depends on the electron-
electron inelastic scattering in bulk Ni and is less sensitive to elastic scattering or
other momentum scattering events in the entire device structure. As described ear-
lier in the text, the measurement temperature for both cases is not the same (300 K
for the polycrystalline interface and 100 K for the epitaxial interface). To rule out the
influence of temperature to the extracted λ values, we also performed BEEM trans-
missions for the polycrystalline interface at 100 K. Although the electron-electron
inelastic scattering is temperature independent [32], electron-phonon scattering is
not. At 100 K, no significant changes to the BEEM transmission was found, thus
suggesting that the influence of acoustic-phonon scattering on the hot electron trans-
mission is insignificant. Our finding of almost similar λ in Ni for different Schottky
interfaces is different from that in Ref. [24] where a factor of two difference in λ was
found in Co, for identical Schottky interfaces but different injection interfaces.

4.5 Direct and Scattered Hot Electron attenuation in NiSi2

Hot electron transport has been widely employed in studies related to the relaxation
and dynamics of excited electrons in different physical and chemical processes rang-
ing from electronic transport, optical and two-photon photoemission experiments,
surface chemistry, strong correlations in transition-metal oxides etc.[4, 21, 22, 33, 34,
35, 36, 37]. Hot electron scattering has also been studied using ab-initio techniques,
by combining first principles approach based on density functional theory with
many-body perturbation theory yielding insights into the role of electron-phonon
scattering, contribution of the d electrons to screening as well as scattering and over-
estimation of the scattering rates using the free-electron model [31, 38, 39]. In spite
of these studies, very little is known about the scattering processes and transport
of secondary electron-hole (e-h) pairs that are created in Auger-like scattering pro-
cesses in such experiments.

In this section, hot electron transport of direct and scattered carriers across an
epitaxial NiSi2/n-Si(111) interface, for different NiSi2 thickness, is studied using
Ballistic Electron Emission Microscopy (BEEM). We find the BEEM transmission for
the scattered hot electrons in NiSi2 to be significantly lower than that for the direct
hot electrons, for all thicknesses. Interestingly, the attenuation length of the scat-
tered hot electrons is found to be twice larger than that of the direct hot electrons.
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Figure 4.14: (a) Device schematic of Ballistic Electron Emission Microscopy. (b) A Transmis-
sion Electron Microscopy (TEM) image of an NiSi2/n-Si(111) device with a thin Au capping
layer, viewed in a <11̄0> cross section. The inset shows a high resolution TEM image of a
Type-A NiSi2 interface on n-Si(111).

The lower BEEM transmission for the scattered hot electrons is due to inelastic scat-
tering of the injected hot holes while the larger attenuation length of the scattered
hot electrons is a consequence of the differences in the energy distribution of the
injected and scattered hot electrons and the increasing attenuation length, at lower
energies, of the direct hot electrons in NiSi2.

4.5.1 Direct and reverse BEEM Transmission

BEEM uses the tip of a scanning tunneling microscope (STM) to inject hot electrons
(energy few eV above the Fermi level) through a vacuum tunnel barrier into a thin
metal (M) layer forming a Schottky contact on a n-type semiconductor (S) as shown
in Fig. 4.14. A fraction of the electrons injected in the NiSi2 film is collected in the
semiconductor as the collector current (IB), if they satisfy the energy and momen-
tum criteria at the M/S Schottky interface (Fig. 4.15(a)). The epitaxial Schottky in-
terface of NiSi2/n-Si(111) is shown in Fig. 4.14(b), the inset of which shows a High
Resolution Transmission Electron Microscopy image of a Type-A NiSi2 on n-Si(111).
By placing the STM tip at different locations of the device, the local Schottky bar-
rier height can be extracted using the Bell-Kaiser (BK) model [4] which states that
IB∝(VT − φB)2, where VT is the applied tip voltage and φB is the Schottky barrier
height at the M/S interface. This mode of BEEM has been successfully applied to
study transport across various M/S interfaces and probing the spatial homogeneity
of transport across such interfaces [4, 30, 35, 40, 41, 42]. BEEM can also be operated
in a reverse mode, known as the reverse BEEM (R-BEEM), that is realized by ap-
plying a positive tip bias [43] as shown in Fig. 4.15(b). In R-BEEM, hot holes that
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Figure 4.15: (a) Energy schematic of direct BEEM: Hot electrons are injected and a fraction of
them are collected. (b) Energy schematic of reverse BEEM: The injected hot holes creates sec-
ondary (scattered) electrons by e-h pairs which are then collected. (c) Schematic distribution
of the injected hot electrons for the direct BEEM. Electrons with energies above the Schot-
tky barrier height, φB , will have a larger probability to be collected. (d) The distribution of
the injected hot holes in reverse BEEM along with the excited electron distribution after e-h
scattering as described in Ref. [44].

are injected in the NiSi2 layer scatters with the electron gas close to EF and cre-
ates secondary electrons by electron-hole (e-h) pair generation, similar to the Auger
scattering process. These scattered electrons are then collected in the n-Si(111) as
a Reverse BEEM current (IRB) which, near threshold, follows a power four depen-
dence with the injected bias [43] i.e. IRB∝(VT − φB)4. The energy distribution of
the injected tunnel electrons is represented in Fig. 4.15(c) in the direct BEEM for a
negative tip bias i.e eVT . For the revere BEEM, the distribution of the injected holes
at a positive tip bias of -eVT is shown in Fig. 4.15(d) together with the scattered elec-
tron distribution. The distribution of the injected electrons and the injected holes
correspond to the direct tunneling probability between the STM tip and the metal
base for both modes, whereas the distribution of the excited electrons in the reverse
BEEM arises due to the inelastic scattering at the metal base by the injected hot
holes. The distribution of the injected hot electrons are maximum at the EF of the
STM tip for the direct BEEM whereas it is peaked at the EF of the metal base for the
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Figure 4.16: Representative BEEM and R-BEEM transmission vs tip voltage for Au(4
nm)/NiSi2(t)/n-Si(111) devices, with varying NiSi2 thickness. φB represents the Schottky
barrier at the NiSi2/n-Si(111) interface. Inset shows the energy dependence of the direct
BEEM and reverse BEEM spectra for the 4 nm NiSi2 film normalized at 1.8 V.

R-BEEM. For a M/S interface with a Schottky barrier height (SBH) of φB as shown,
this suggests that a large fraction of the more energetic electrons can be collected in
direct BEEM whereas in R-BEEM only a small fraction of the scattered electrons can
be collected close to φB that slowly increases with energy. Hot electron attenuation
length (λ) for both the direct and scattered carriers can be measured in such metal
layers across different semiconductor interfaces by considering the exponential de-
pendence of the BEEM and R-BEEM transmissions with base layer thicknesses (t)

as IB(t, E)∝exp [−t/λ(E)] where E is the energy of the hot carriers. From R-BEEM
studies, λeff can be extracted which depends not only on the attenuation length of
the injected hot holes but also on the attenuation length of the scattered electrons
[43, 45]. It is non-trivial to decouple the exact contribution of the different scattering
processes in the extraction of λeff for the scattered carriers.

For this study, devices are fabricated on a patterned n-Si(111) substrate as de-
scribed in Ref. [46]. Initially Ni layers of varying thicknesses are deposited on
chemically terminated Si(111) substrates [28, 46]. Epitaxial NiSi2 films are formed
due to thermal annealing of the deposited Ni layer, according to the well established
protocol [13, 30]. Thereafter, a 4 nm thick Au capping layer is deposited at room
temperature. The devices are then transferred ex situ to the BEEM set up. Electri-
cal characterization of the diodes are performed by standard current-voltage (I-V)
measurements. BEEM measurements are performed at LT (100 K) by a modified
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commercial STM from RHK. The sample top metal surface is grounded by using Au
contact pad and a mechanically cut PtIr STM tip is used to inject the hot electrons for
direct BEEM and hot holes for R-BEEM. A large area ohmic contact to the n-Si(111)
substrate is used for hot electron collection in both cases.

Hot electron transmission for both the direct and reverse mode in BEEM are
plotted in Fig. 4.16 as a function of tip bias, VT , at a constant injection current, IT ,
for different thicknesses of NiSi2. Each spectrum is an average of ∼100 individual
spectra taken at several different locations on the same device. Two observations
are central to Fig. 4.16: i) with increasing thickness of NiSi2, the BEEM and R-BEEM
transmissions both decreases. For both cases, the transmission increases above a
certain threshold that corresponds to the SBH at the NiSi2/n-Si interface (φB) and
ii) the energy dependence of the reverse BEEM transmission is less pronounced for
all NiSi2 thickness as compared to the direct BEEM transmission which shows a
marked dependence on energy for all thicknesses. The R-BEEM transmissions in
Fig. 4.16 have been multiplied by 20. The spectral shape for the reverse BEEM is
also different than the direct BEEM as can be clearly observed by normalizing both
the plots at 1.8 V (for the 4 nm NiSi2 film), as shown in the inset of Fig. 4.16. This is
easily understood from the B-K model which states that close to the threshold, the
direct BEEM and R-BEEM transmission varies as power 2 and 4 respectively, above
φB , and further indicates the different energy dependence of scattering for the two
processes.

The ratio of the energy dependence of IB to IRB , is plotted in Fig. 4.17 and rep-
resents the efficiency of collection of the scattered electrons created by electron-hole
(e-h) pair generation in R-BEEM. An interesting trend is found in this ratio viz. the
ratio increases sharply with decreasing tip bias and for all film thicknesses. For ex-
ample, at 1 V tip bias, this ratio is 80 for the 24 nm NiSi2 film decreasing to 10 at 1.8
V, while it is 280 at 1 V for the 4 nm NiSi2 film that decreases to 20 at 1.8 V.

Besides the small fraction of hot electrons that may reach the epitaxial M/S in-
terface without scattering, there can also be contribution to IB from the inelastic
scattering of the injected hot electrons. During such an inelastic scattering event, a
hot electron can maximally lose 50% of its energy and from the energy distribution
of the injected hot electrons, as shown in Fig. 4.15(c), this clearly signifies that the
probability of a scattered electron at lower energies to surmount the SBH is small
giving rise to a decreased BEEM transmission at lower energies. For the injected
hole distribution as in the R-BEEM (shown in Fig. 4.15(d)), only those secondary
electrons created during the electron-hole pair generation are collected that origi-
nates from the tail of the distribution and are also few in number, thus leading to a
much reduced R-BEEM transmission. What is interesting here is that the R-BEEM
transmission is less sensitive to the NiSi2 thickness. This is because an increasing
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Figure 4.17: (a) Ratio of IB/IRB with respect to the applied bias for all NiSi2 thickness, man-
ifesting the creation efficiency of scattered electrons with respect to the directly injected hot
electrons. (b) shows the dependence of (IRB/IB)1/2 with tip bias that is found to be linear,
as expected, and arises from the R-BEEM process which includes an extra (VT − φB)2 factor
with respect to the direct BEEM.

film thickness favors inelastic scattering events which creates a larger number of
scattered hot electrons that can be collected at the M/S interface. As the R-BEEM
transmission, near threshold, includes an extra (VT − φB)2 factor dependence with
respect to the direct BEEM, a plot of (IRB/IB)1/2 with tip bias is expected to be linear
as is shown in the inset of Fig. 4.17.

4.5.2 Comparison of direct and reverse attenuation lengths

By plotting the direct BEEM transmission versus the film thickness, the hot electron
attenuation length in NiSi2 is extracted. Figure 4.18(a) shows the BEEM transmis-
sions at VT= -1.6 V and -1.2 V with varying NiSi2 thicknesses. Solid lines are fits to
the exponential decay and the extracted λ’s are 12.6 ± 1.2 nm and 14.2 ± 1.4 nm for
the respective tip biases. The attenuation lengths are extracted similarly at various
other tip bias and shown in Fig. 4.18(c). Similarly, from the R-BEEM transmission,
the effective attenuation length for the scattered carriers are extracted for tip biases
from 1.2 V to 1.8 V. The extracted λeff ’s are 38.0 ± 3.2 nm at 1.2 V and 26.0 ± 3.2
nm at 1.6 V respectively as shown in Fig. 4.18(b). The energy dependence of the
attenuation lengths are given in Fig. 4.18(d). Our observations of λeff > λ is also
consistent with a previous report on PtSi/Si [45]. The reduced signal to noise ratio,
close to φB , introduces a large error in the extraction of the attenuation lengths for
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Figure 4.18: (a) BEEM transmissions as function of the thickness of the NiSi2 layers in the
direct BEEM and (b) for the reverse BEEM. The data shown are for the same voltage in both
cases. (c) The hot electron attenuation lengths as function of the applied tip bias for the direct
BEEM and (d) for the reverse BEEM.

both the direct and scattered carriers in NiSi2 and is thus not performed.
From Fig. 4.18(c) and (d), we see that λeff is ∼ twice larger than λ and has a

different energy dependence. For the direct electrons, λ is almost constant at higher
energies whereas it increases with decreasing energy. For the scattered electrons,
λeff sharply increases with decreasing energy and becomes a constant only at the
highest energies measured. This trend with direct electrons reflect a cumulative ef-
fect of the conservation of parallel momentum of the hot electrons close to φB at
such epitaxial M/S interfaces, as well as the availability of the density of states in
NiSi2 [47], at energies that are relevant for our studies, as explained next. For such
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epitaxial films and M/S interfaces and for energies close to φB , the propagating hot
electrons reaching the Schottky interface are considerably forward focused due to
minimal elastic scattering and can be easily collected at the n-Si(111) semiconductor
leading to an increasing λ at these energies. At higher energies (i.e EF + 2 eV), the
density of states in NiSi2 is almost constant as is reflected in the orbital character of
the states involved in NiSi2 [47] resulting in a constant λ, for the direct electrons, at
these energies. An interesting consequence of the enhancement of the attenuation
length for the direct hot electrons in NiSi2, at low energies, can be seen in Figs. 4.16
and 4.18(d). In R-BEEM the transmission and collection at the epitaxial M/S Schot-
tky interface is that of the scattered hot electrons that are created during inelastic
scattering of the injected hot holes. These scattered hot electrons have lower ener-
gies but as shown in Fig. 4.18(c) are those which have a larger attenuation length
and thus contributes to IRB and leads to an increase in λeff . This also leads to a
less sensitivity of the R-BEEM transmission with increasing thickness as is shown
in Fig. 4.16. Further, we see that the density of states below EF [47] (i.e the injected
hot hole distribution) sharply rises with energy due to the contribution of the d elec-
trons and that is reflected in the energy dependence of λeff . All the above factors
thus explain the larger λeff as compared to λ in NiSi2 and their associated energy
dependence.

4.6 Conclusion and Outlook

The epitaxial NiSi2/Si(111) interface is a unique model system to investigate the role
of elastic scattering to electron transport. Epitaxial interfaces of NiSi2 with different
crystal orientations on Si(111) were prepared and confirmed by HRTEM studies. Al-
though standard I-V characteristic yields a single SBH for this structure, local BEEM
studies show the presence of three clear regions. Local transport measurements us-
ing BEEM reveal a larger transmission at the Type A interface than at the Type B and
the presence of a third intermediate interface with a BEEM transmission in between.
The large difference in IB between the Type A and Type B interface is ascribed to the
enhanced elastic scattering in the latter. Addition of a thin Ni layer capped with
Au is found to decrease the transmission at all the interfaces significantly, due to
increased inelastic scattering in the Ni layer. Our results clearly highlight the sen-
sitivity of hot electron transmission to elastic scattering at the M/S interface and
the influence of inelastic scattering at the Ni layer to the collected current. Elec-
tronic band structure calculation of NiSi2 along with a quantification of the inelastic
scattering length in NiSi2 will be useful to design spin valve devices with such in-
terfaces.
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Figure 4.19: (a) Standard spin valve device which can be used to study spin scattering across
an perfectly epitaxial Schottky interface (b) Theoretically predicted perfect spin filter device
by using the Ni/Graphene/Co sandwich structure.

Our experiments also reveal interesting insights into hot-electron transport in
ferromagnetic Ni and the relative contribution of the different scattering processes
to the extracted hot-electron attenuation length in Ni. By changing the Schottky
interface at the collector while keeping the other layers and their thicknesses the
same, we see that the overall BEEM transmission is reduced for the polycrystalline
interface. The hot-electron attenuation length in Ni, however, does not change sig-
nificantly across both the interfaces for all the energies measured. This work under-
pins the dominant contribution of inelastic scattering to the hot-electron attenuation
length in bulk Ni for both the device structures.

Further, we have used the epitaxial model system of NiSi2/Si(111), with a large
transmission probability for hot electrons, to investigate hot electron transport and
attenuation of the direct and scattered carriers using BEEM and R-BEEM respec-
tively. We show that the R-BEEM transmission is significantly lower than that of the
direct BEEM while their energy dependence exhibits features that reflects the energy
distribution of the injected and scattered electrons, the role of conservation of paral-
lel momentum in such epitaxial system close to φB and the density of states in NiSi2.
All these leads to an attenuation length for hot electrons that is almost twice larger
for the scattered electrons than for the direct electrons in NiSi2. Our results will not
only enhance the understanding of the role of scattered carriers in different physical
and chemical phenomena but forms an important model system for theoretical anal-
ysis of the scattering rates of the excited carriers. These results are also relevant for
designing devices, as such epitaxial interfaces have a high thermal stability and are
commonly used as contacts in complementary-metal-oxide-semiconductor (CMOS)
technology.
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The final goal was to fabricate a standard spin valve and also to construct the
theoretically predicted perfect spin filter device for experimental study of nanoscale
hot electron spin transport as shown in Fig. 4.19. Unfortunately, after some signifi-
cant progress in that direction it was realized that there were some critical technical
issues that prevented us from achieving the final goal. The first was the limitation
of the deposition system and the second was the fabrication process for realizing
such spin valve devices. The MBE deposition system that was used in this project
had only two pockets which we used for the deposition of Ni and Au in situ with-
out breaking the vacuum. In general MBE deposition is considered to yield clean
layers due to it’s high vacuum of 10−10 mbar and a slow deposition rate. But to
make an effective spin valve and to study fundamental physics it is good to have
the possibility of in situ deposition of multiple materials viz. at least two different
ferromagnets with different coercive fields and an inert material (Au) as a capping
layer and the flexibility of having other metallic layer as the spacer. Although we
tried to fabricate the spin valve device using different Ni thickness (using the shape
anisotropy of the Ni), we found it to be extremely hard to get a clear spin valve
switching. So at the end, we abandoned the idea of fabricating a spin valve device
on such epitaxial silicides but pursued a different approach to fabricate and study
hot electron transport in other epitaxial Schottky interface. The experimental result
of this approach is discussed in the next chapter of this thesis.
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Chapter 5

BEEM and BHEM across Highly Textured
Cu/Si Interface

Abstract

Copper (Cu) is a widely used material for integrated circuit interconnects and in spin-
tronics devices. Hence, it is important to obtain a detailed knowledge of electron scat-
tering and transport in Cu thin films and as well as across its interface with a semi-
conductor such as Silicon. In this chapter, the experimental results of hot electron and
hot hole transport in Cu are extensively investigated, where Cu is deposited on both n-
type and p-type Si substrates respectively. All four modes of ballistic electron emission
microscopy are used and the hot carrier attenuation lengths in Cu are determined at the
nanoscale. For the n-type Si substrate, two crystallographic orientation of Si viz. Si(100)
and Si(111) are used. For all Cu thicknesses studied here, the BEEM transmission is ob-
served to be twice larger for Si(111) than for Si(100). Further, the attenuation length
in Cu is found to be larger for Si(111) than for Si(100) substrates, in spite of the highly
textured growth of Cu on both the substrates. In the reverse BEEM studies, by changing
the bias polarity of the STM tip, it has been measured that the R-BEEM transmissions
are nearly 4 times and 3 times lower than the direct BEEM transmission for similar
thicknesses of Cu on n-Si(100) and n-Si(111) respectively. The effective hot electron at-
tenuation lengths as obtained from R-BEEM, are higher than the direct BEEM because of
the more isotropic distribution of the scattered hot electrons in the latter. Our results can
be explained by incorporating the elastic scattering at the Metal-Semiconductor (M/S)
interface as well as the increased availability of parallel momentum states at the interface
with increasing energies. Further hot hole attenuation length is also determined from the
BHEM experiment across Cu/p-Si(100) interface and a comparison with the hot electron
attenuation length is done.

5.1 Introduction and Motivation

U
nderstanding hot electron and hot hole scattering processes in thin metal films
and their heterostructures are essential to the design and performance of nanoscale

solid state electronic devices. In this context, the technique of Ballistic Electron Emis-
sion Microscopy (BEEM) and Ballistic Hole Emission Microscopy (BHEM), which
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relies on the ballistic transport of nonequilibrium carriers, are uniquely suited [1].
In BEEM or BHEM, hot electrons or hot holes are collected using a third contact at
the rear of the semiconducting substrate provided they satisfy the necessary energy
and momentum criteria needed to overcome the Schottky barrier. BEEM and BHEM
have been used not only to probe SBH inhomogeneities at the nanoscale, using Bell-
Kaiser (BK) model [1] but also in spin transport [2] and to determine hot electron
and hot hole attenuation lengths in several material systems [3, 4, 5, 6]. Besides,
it’s potential in identifying the origin of the differences in hot electron transmission
in similar M/S systems, using suitable transport models [3, 4, 5, 6, 7, 8, 9] that in-
corporates the role of elastic scattering and transverse momentum conservation at
the M/S interface is remarkable. In this context, Au/n-Si(100) and Au/n-Si(111)
systems have been extensively studied and useful insights gained into the under-
standing of the experimental discrepancies observed in hot electron transmission in
Au for these two different substrates. The growth of Au films, along the (111) direc-
tion, for both cases, is believed to influence the BEEM transmission significantly [4].
Further, it was found that the attenuation length in Au for thicker films was larger
than in thinner films, for both n-Si(100) and n-Si(111) substrate orientations [4, 10].
Although extensive studies for both hot electrons and hot holes have been done on
Au, not much is known about another equally interesting material viz. Cu. Cu is
not only interesting because of its widespread use as a spacer material in magnetic
multilayers [12] for Giant Magnetoresistance (GMR) devices but also in semicon-
ductor based spin injection devices [13]. Interestingly, Cu has been shown to grow
as highly textured or epitaxial on both Si(100) and Si(111) substrates, the film ori-
entation being normal to the film plane in both cases [14, 15]. Hence, Cu forms an
interesting system to explore the role of elastic scattering and conservation of trans-
verse momentum of the transmitted hot electrons in the conduction band minima
of the n-type semiconductor as well as of the transmitted hot holes in the valence
band maxima of the p-type semiconductor at the M/S interface.

5.2 Projected Si conduction band minima onto (100) and
(111) planes

Since the invention of the BEEM, studies on the conservation of lateral electron mo-
mentum (k‖) at the interface between metals and semiconductors have remained
puzzling. The original theory of BEEM transmission given by Bell and Kaiser con-
sidered conservation of energy and k‖ at the M/S interface. Assuming that the k‖
is conserved at the M/S interface, the BEEM currents are expected to differ signif-
icantly due to different projections of the conduction band minima of the Si on the
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Figure 5.1: Six constant energy ellipsoids in the k-space of Si conduction band minima (mid-
dle panel) and its projection onto (100) and (111) planes (left and right hand panel). The inner
circle/ellipses represent open state pockets at 0.2 eV and the outer circle/ellipses represent at
0.6 eV above minima as discussed in Ref. [20].

(100) and (111) planes. Information about the k‖ distribution at the interface can
be investigated by considering Si(100) and Si(111) substrates, while the other condi-
tions of transport through the metallic layer can be set identical.

Figure 5.1 schematically illustrates the projected 6 conduction band minima of Si
onto (100) and (111) planes. From this projection an important feature can be real-
ized. The Si(100) plane has CBM at the zone center whereas all the CBM in Si(111)
plane are located at about 400 off the normal direction [20]. This implies that Si(100)
has electronic states available around k‖ = 0 but not for Si(111). The electrons in-
jected into the metal base by the STM tip have a very sharp-perpendicularly peaked
momentum distribution. Although the momentum of the electrons broaden when
traveling through the metal base, most electrons with enough energy to surmount
the SB will have small parallel momentum when they reach the M/S interface. Since
Si(100) has states available around the k‖ = 0 point it can collect the electrons which
are transmitted across the M/S interface. For Si(111), as it has CBM appreciably
away from the zone center, it can only accept incoming electrons which have a bor-
der distribution of momentum. Taking this into account it is expected that the BEEM
current for the n-Si(111) will be considerably smaller than for the n-Si(100) substrate.
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Figure 5.2: (a) Schematic layout of the BEEM experimental setup. PtIr STM tip is used to inject
hot electrons into the metal base through the vacuum tunnel barrier. The collector is either
n-Si(111) or n-Si(100) substrate; (b) Schematic energy band diagram of BEEM. φB represents
the Schottky barrier formed at the Cu/Si interface.

However, the experimental observations are not the same as expected from the the-
ory of pure ballistic transport. It has been studied extensively for Au/Si(100) and
Au/Si(111) interfaces [4, 7, 9] and an almost equal transmission is reported. In-
terface scattering randomizing the the electron momentum and the band structure
effect of the metal layer are used to explain the previous experimental observations
and are equally important to consider for the case of Cu/Si interfaces.

5.3 BEEM Transmission across Cu/n-Si Interfaces

In BEEM, hot electrons are injected from a scanning tunneling microscope (STM)
tip onto a metallic overlayer grown on a semiconducting substrate [Fig. 5.2(a)]. De-
pending on the scattering in the metal layer, a fraction of the hot electrons reach
the M/S interface and are collected as BEEM current, IB , provided they satisfy the
necessary energy and momentum criteria to overcome the Schottky Barrier height
(SBH) at that interface [Fig. 5.2(a)]. With this in mind, we have used BEEM to in-
vestigate hot electron transmission in Cu films, of different thicknesses, grown on
n-Si(100) and n-Si(111). Such a systematic study enables us to accurately determine
the hot electron attenuation length over a broad energy range. Electrical transport
measurements reveal rectifying Schottky interfaces with barrier heights of 0.61 ±
0.02 eV for the Si(100) interface and 0.56 ± 0.02 eV for the Si(111) interface. X-ray
diffraction studies reveal a highly textured growth of the Cu films with the un-
derlying substrate for both cases. BEEM studies show an almost ∼2 times higher
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Figure 5.3: (Top) X-ray diffraction (XRD) studies on 100 nm Cu on Si(100). The y-axis shows
the logarithm of intensity in arbitrary units, while the x-axis shows the angle in degrees. The
strong Cu(200) peak and the absence of a Cu(111) peak indicate highly orientated growth of
Cu on Si(100). (Bottom) XRD studies on 100 nm Cu on Si(111). The Cu(111) diffraction peak
is observed along with the Si(111) and the Si(222) peak.

transmission for all Cu films grown on Si(111) than on Si(100). Such experimental
observations, reported for the first time on highly textured Cu thin films on Si, is in
accord with the conservation of transverse momentum of the transmitted electrons
at the M/S interface with interface scattering. Further, we have also determined the
energy dependent hot electron attenuation length in Cu for both substrate orienta-
tions and find it to be quite large viz. 34 ± 3 nm on Si(100) and 40 ± 3 nm on Si(111)
at -1 V tip bias.

5.3.1 Device fabrication and I-V characterization

Our experiments involve the fabrication of Cu/Si Schottky diodes on both n-Si(111)
and n-Si(100) substrates. Samples used in this study are Au(5 nm)/Cu(10-60 nm)/n-
Si(100) or n-Si(111). The metal layers are deposited by electron beam evaporation
on HF-etched Si substrates, with a lithographically defined diode area of 150 µm
diameter, surrounded by a thick SiO2 insulator [11]. Typically a Si(111) and a Si(100)
substrate were metallized simultaneously with the same Cu thickness and capped
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Figure 5.4: (a) I-V measurement of Cu on Si(100). The SBH is extracted to be 0.61±0.02 eV by
thermionic emission theory. (b) I-V measurement of Cu on Si(111). The SBH was extracted to
be 0.56±0.02 eV by thermionic emission theory.

with Au. This ensures identical Cu thickness on both the substrates. The Au cap
layer provides a chemically inert surface for ex situ sample transfer to the ultrahigh
vacuum RHK-STM system with a base pressure of 10−10 mbar.

Copper is known to be a material that grows well on different substrates. It
has wide applications as a seed layer for multilayer growth. Here, to find out the
growth direction of Cu, X-ray diffraction (XRD) studies were performed on a 100 nm
thick Cu film on a large area substrate for both Si orientations as shown in Fig. 5.3.
For both graphs, the XRD intensity is plotted with 2θ. From the XRD analysis, it
can be inferred that the Cu films grow highly textured along the (100) direction on
Si(100) and along the (111) on Si(111). These observations agree very well with the
reported literature on the growth of Cu films on such substrates [14, 15]. The striking
difference in case of Au is the fact that Au always grows in the (111) direction on
both Si(100) and Si(111) [4]. Such a difference also influences the observed BEEM
transmission.

Prior to the BEEM measurements and to check the quality of the fabricated Cu/Si
diodes, standard I − V measurements were done for all cases on both substrates at
room temperature (RT) and a set of examples are shown in Fig. 5.4. Clear rectifying
behavior is observed for both the diodes. The barrier heights, extracted by fitting the
forward bias characteristics using thermionic emission theory [16] are 0.61± 0.02 eV
for the Si(100) interface and 0.56 ± 0.02 eV for the Si(111) interface with an ideality
factor 1 (most ideal diode at RT).
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Figure 5.5: (a) BEEM transmission per nA of injected tunnel current versus VT for Au(5
nm)/Cu(t)/n-Si(100), with varying Cu thickness. The curve for 10 nm Cu thickness has been
multiplied by 0.6. (b) From BK fitting, the average SBH occurs at 0.62 ± 0.01 eV at 100 K.

5.3.2 BEEM transmission across Cu/n-Si(100) interfaces

BEEM measurements are performed at 100 K using PtIr tip as injector (further de-
tails in Ref. [2, 11]). Figure 5.5(a) shows the normalized BEEM transmission for all
Cu thickness from 10-60 nm on Si(100) substrate measured at 100 K, obtained by
sweeping the tip bias while recording IB at a constant IT of 1 nA. Each spectrum
represents an average transmission taken at different locations on the sample and at
each location almost 100 spectra were measured. A rather sharp onset of IB is ob-
served, for all cases, corresponding to the SBH (ΦB) for the Cu/n-Si (100) interface.
The SBH is extracted using BK model [1], by plotting the square root of IB with the
tip bias VT : √

IB
IT
∝ (|VT | − φB) (5.1)

The intercept of the solid line with the voltage axis, near threshold, gives ΦB of
0.62 ± 0.01 eV [Fig. 5.5(b)] for the Cu/Si(100) interface as a very close match to
the macroscopic I − V measurement. IB is found to decrease with increasing Cu
thickness.

5.3.3 BEEM transmission across Cu/n-Si(111) interfaces

BEEM transmission, IB for Cu/Si(111) Schottky diodes are shown in Fig. 5.6(a).
Here too each spectrum represents the average of several spectra taken at different
locations of the sample. Interestingly, for all Cu thicknesses on Si(111), IB is∼2 times
larger than on Si(100). Figure 5.6(b) shows the extracted SBH from the BK model as
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Figure 5.6: (b) BEEM transmission for devices simultaneously grown on n-Si(111) substrates
in identical conditions. BEEM measurements are done at 100 K and the average SBH is 0.57
± 0.01 eV.

described earlier. The SBH, ΦB is 0.57 ± 0.01 eV for the Cu/Si(111) interface and
also matches well with the macroscopic I − V measurement.

Conservation of transverse momentum of the transmitted electrons at the M/S
interface will lead to differences in IB for the two substrates because of the different
projections of the conduction band minima in Si on the (111) and (100) plane. For
Au, such a difference in IB was observed and attributed to elastic scattering in the
Au film and at the M/S interface [4, 10]. Thin Au films are known to grow along
the (111) direction irrespective of the substrate orientations [i.e Si(100) or Si(111)],
thus an enhanced BEEM transmission for Si(111) was observed [4]. However Cu
grows highly textured on both Si(100) and Si(111) i.e along the (100) direction for
Si(100) and along the (111) direction for Si(111). In spite of this, elastic scattering at
structural imperfections, either in the thin Cu film, or at the Cu/Si interface, occurs
and leads to a reduced BEEM transmission for Si(100).

5.3.4 Hot electron attenuation length in Cu on Si

The plots of IB versus Cu thickness (t) for both the substrate orientations are shown
in Fig. 5.7(a) for VT = -1 V. An exponential dependence with t is observed and from
the slope of the curve we extract the attenuation length λ, using an exponential
decay of IB∝ exp(−t/λ(E)). The attenuation length of hot electrons in Cu is found
to be 34 ± 3 nm for the Si(100) substrate and 40 ± 3 nm for the Si(111) substrate
at -1 V. We observe that the data for the 10 nm Cu film for both Si(100) and Si(111)
substrates is considerably higher than the extrapolated fit. This is ascribed to the
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Figure 5.7: (a) Normalized BEEM transmission as a function of Cu thickness at VT = -1 V
for both kinds of Schottky interfaces. (b) Variation of the attenuation length with injected
electron energy for two different substrates.

enhanced probability of the transmitted electrons to make multiple passes between
the M/S interface and the film surface, leading to an increase in IB . The values of
λ extracted similarly at various energies are plotted in Fig. 5.7(b). The attenuation
length is found to decrease from 39 ± 3 nm to 26 ± 2 nm for Si(100) and from 47 ±
4 nm to 34 ± 3 nm for Si(111) for VT varying from -0.8 V to -1.9 V.

The Cu/Si(111) interface has a large number of available momentum states with
small parallel wave vectors and is thus less sensitive to elastic scattering events in
the film or at the M/S interface. For Cu/Si(100) interface, for which a reduced IB
is obtained in all cases, availability of fewer states with small parallel wave vec-
tors makes it more sensitive to elastic scattering events. Thus the electrons have to
travel a larger distance in Cu/Si(100) than in Cu/Si(111), implying a larger attenu-
ation during their transit in the former. This explains the decreased λ in Si(100) as
compared to Si(111). λ in Cu is found to decrease with increasing energy for both
Si(100) and Si(111) substrate orientations. Such a behavior deviates from the con-
ventional Fermi liquid theory for free-electron metal for which λ is expected to be
proportional to (E + EF )0.5/E2 [17, 18, 19]. In Cu, the energy dependence of the
attenuation length is a cumulative effect of the actual density of states participating
in electron transport, additional screening due to e-e interactions and Fermi surface
topology [19]. Further experimental and theoretical understanding of hot electron
scattering processes incorporating e-e scattering at such energies is needed to ob-
tain a better insight into the energy dependence of λ in such metals. Hence we have
carried out the Reverse BEEM experiment and investigated the effective attenuation
length scales of hot electrons in both cases.
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5.4 Reverse BEEM Transmission across Cu/n-Si Inter-
faces

Reverse BEEM measurements are also performed on the same samples. Measure-
ments are done, as explained in chapter 2 [section 2.6], by reversing the tip bias
polarity from negative to positive as shown in Fig. 5.8. With the tip at a positive bias
with respect to the base and collector, a hole may tunnel into the base (Au/Cu) with
an energy in between EF (S) − eVT upto EF (S). Considering that the injected hole
(indicated as 1 in the Fig. 5.8) will loose its energy via an inelastic scattering with
a hole in the Fermi sea, a scattered product is formed comprising of an excited hot
hole and a hot electron (indicated as 2 in the Fig. 5.8). Finally a new distribution of
excited hot electrons from such isotropic scattering will be created from the injected
hot hole distribution. If the energy of the excited electrons are above the barrier
height φB , some of these electrons will be collected above the same threshold as
observed in direct BEEM experiment.

The experimental results of reverse BEEM transmissions for both substrate ori-
entations are shown in Fig. 5.9. Figure 5.9(a) shows the normalized BEEM trans-
mission for all Cu thickness from 10-60 nm on Si(100) substrate measured at 100 K,
obtained by sweeping the positive tip bias while recording IRB at a constant IT of
1 nA. Each spectrum represents an average transmission taken at different locations
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Figure 5.9: (a) Reverse BEEM transmission per nA of injected tunnel current versus VT for
Au(5 nm)/Cu(t)/n-Si(100), with varying Cu thickness. The curve for 10 nm Cu thickness has
been multiplied by 0.6 factor. The reverse BEEM is compared with the forward BEEM and the
reverse BEEM transmission is measured to be a factor of almost 4 times lower (as indicated
in the right y-axis) than the forward BEEM transmission for all Cu thicknesses. (b) From B-K
fitting, the average SBH occurs at 0.60 ± 0.04 eV at 100 K. (c) Reverse BEEM transmission for
devices simultaneously grown on n-Si(111) substrates in identical conditions. Reverse BEEM
is measured to be a factor of about 3 times lower (as indicated in the right y-axis) than the
forward BEEM transmission for all Cu thicknesses. (d) R-BEEM measurements are done at
100 K and the average SBH occurs at 0.57 ± 0.04 eV.

on the sample and at each location almost 100 spectra were measured. The SBH is
extracted using BK model [1], by plotting the double square root of IRB with the tip
bias VT :

4

√
IRB
IT
∝ (|VT | − φB) (5.2)

The intercept of the solid line with the voltage axis, near threshold, gives ΦB of
0.60 ± 0.04 eV [Fig. 5.9(b)] for the Cu/Si(100) interface, and as expected is the same
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from the direct BEEM experiment. Error in the measurement is from the deviation
of the best fit and is now much higher than the direct BEEM. This is because of the
lower reverse BEEM transmission as well as the double square root of the reverse
BEEM amplify the offset level below threshold. IRB is also found to decrease with
increasing Cu thickness. BEEM transmission, IRB for Cu/Si(111) Schottky diodes
are shown in Fig. 5.9(c). Surprisingly, now for all Cu thicknesses on Si(111), IRB is
∼3 times larger than on Si(100). Such relative enhancement in R-BEEM transmission
[∼2 times larger for direct BEEM] for the case of Si(111) than Si(100) is considered
to be due to the isotropic distribution of the excited electrons which are now more
favorable for the collection in Si(111) substrate than Si(100). Figure 5.9(d) shows the
extracted SBH from the BK model as described earlier. The ΦB is 0.57 ± 0.04 eV
for the Cu/Si(111) interface and also a good match with that obtained from direct
BEEM.

If we compare the reverse BEEM transmission with respect to the direct BEEM,
the reverse BEEM is almost four times lower than the forward BEEM for Cu on
Si(100) and three times lower for Si(111) as indicated in the right y-axis in Figs. 5.9
(a) and (c) respectively. This is due to the fact that the injected hot hole first needs to
excite a hole-electron pair by inelastic scattering. This is similar to Auger like scat-
tering and an injected hole of energy E can excite an electron of energy maximum
upto E as discussed by Bell et al., [21] but in the best possible case one can expect
the injected hot hole will transfer half its energy i.e E/2 to the excited electron and
other half E/2 to the other equilibrium hole in the base layer. The basic assumption
that every hole scatters once is not completely true in a simple ballistic mean free
path picture. For a base layer thickness, equal to the mean free path length, about
37% (≈ e−1) of the injected hot holes will not scatter. Even increasing the base layer
thickness there will always be few hot holes which will not excite hot electrons and
the transmission will be lower for the reverse BEEM than the direct BEEM. Another
important reason to consider is the different distribution of the injected hot electrons
and injected hot holes for the case of direct and reverse BEEM (see Fig. 5.2(b) and
Fig. 5.8). The narrow tail part of the energetic hot holes will excite less number of
hot electrons in the case of reverse BEEM and the distribution of the excited hot elec-
trons will be maximum close to Fermi level of the metal base as shown in Fig. 5.8.
To have more insights, similar experiments should be done for Cu on p-Si substrate
as is discussed in section 5.5 of this chapter. The reverse BEEM transmission for
Cu on Si(100) and Cu on Si(111) is relatively high when compared to Au on Si(100),
which has a ten times lower signal for reverse mode than the forward mode [21].
This, most likely is due to the fact that Cu has a lower SBH than Au (φB,Au ≈ 0.8
eV). When the SBH is lower, the transmission will be increased for both direct and
reverse BEEM because more charge carriers with lower energy are able to overcome
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Figure 5.10: a) Normalized reverse-BEEM transmission as a function of Cu thickness at VT =
1 V for both kinds of Schottky interfaces. b) Variation of the attenuation length with injected
hot hole energy for two different substrates.

the SBH. However, because of the difference in the distribution of the injected elec-
trons in case of direct BEEM and excited electrons in case of R-BEEM, a relatively
large amount of additional excited electrons than directly injected electrons will be
collected for the case of lower Schottky barrier. This means that the reverse mode
will benefit more from a lower SBH than the forward mode. Therefore the reverse
BEEM signal in Cu is only reduced by a factor of almost 4 compared to a factor of
10 for Au. This would also explain why the reverse BEEM for Cu on Si(111), which
has a slightly lower SBH, shows a relatively higher signal than for Cu on Si(100).

5.4.1 Scattered hot electron attenuation length in Cu

The plots of IRB versus Cu thickness (t) for both the substrate orientations are
shown in Fig. 5.10(a) for VT = 1 V. An exponential dependence with t is observed and
from the slope of the curve we extract the effective hot electron attenuation length
λeff [22], using an exponential decay of IRB∝ exp[−t/λeff (E)]. The attenuation
length of hot electrons in Cu is found to be 63.4 ± 3.2 nm for the Si(100) substrate
and 56.9 ± 2.8 nm for the Si(111) substrate at 1 V. We observe that the data for the
10 nm Cu film on both Si(100) and Si(111) substrates is considerably higher than
the extrapolated fit as expected due to the enhanced probability of the transmitted
electrons to make multiple passes. The values of λeff extracted similarly at various
energies are plotted in Fig. 5.10(b). The attenuation length is found to decrease from
76 ± 4.6 nm to 41 ± 2 nm for Si(100) whereas from 59 ± 3.6 nm to 39 ± 1.9 nm for
Si(111) for VT varying from 0.9 V to 1.9 V.
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Hot electron attenuation length extracted from the reverse BEEM measurement
is higher than the direct BEEM measurement which is also consistent with our pre-
vious result on NiSi2 as in section 4.5. For both Cu and NiSi2, the R-BEEM trans-
mission is much lower than the direct BEEM although the factor is not the same. In
NiSi2, the R-BEEM transmission is much lower in comparison to the direct BEEM
than in Cu. This is because of the difference in the distribution of the excited carri-
ers arising due to difference in the phase space of the unoccupied states in both the
metals. In reverse BEEM, the excited hot electrons in the base are expected to have
nearly isotropic distribution, unlike the forward focused directly injected electrons,
hence less sensitive to further elastic scattering. Another important point to con-
sider for reverse BEEM is that the created electrons will have less energy than the
energy of the injected hot holes, so the effective energy will be lower than the actual
positive tip bias which is used for the plotting.

5.4.2 BEEM images for direct and reverse modes

BEEM imaging allows for a comparison of the BEEM current with surface features of
the metal over-layer also with buried features. BEEM imaging on both the Au/Cu/n-
Si(100) as well as on the Au/Cu/n-Si(111) diode is done as shown in Fig. 5.11. Sur-
face topography (top) along with the BEEM current image (bottom) is shown for a
negative (direct BEEM) and positive (reverse BEEM) biased tip for both diodes. The
images are taken at -1.5 V/1 nA and 1.5 V/1 nA tip bias/tunnel current, for the for-
ward and the reverse image respectively, on both diodes with 10 nm thick Cu and
5 nm thick Au capping over-layer. An increase in height is reflected by the bright
contrast while a decrease is by the dark contrast and also following similarly for the
current value in BEEM images.

The topography for the forward and the reverse imaging clearly show Au grains
with grain sizes between 10 and 30 nm. The root mean square (RMS) surface rough-
ness is measured to be in between 0.9 to 1.4 nm from the surface topography pre-
sented here. The forward BEEM image locally shows clear contrast correlating with
the grains and the grain boundaries visible in the topography image. At the loca-
tion surrounding the Au grains, it is clearly visible that the BEEM current decreases
at the grain boundary. The decrease is approximately 20 - 40% of the total BEEM
current. Such changes in BEEM current are more frequently observed as reported
earlier for Au/n-Si(100) [23], Mg/n-GaP(110) [24] and Au/n-GaP(110) [25] and are
related to the large surface gradients present at the grain boundaries. Due to the
large gradients the electrons are injected at large angles away from the normal to
the M/S interface. Since only electrons which fall inside the acceptance cone, which
is centered around the normal to the M/S interface, can be collected, a reduced
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Figure 5.11: a) Forward biased STM topography (top) and simultaneously obtained BEEM
current image (bottom) on Au(5 nm)/Cu(10 nm)/n-Si(100) diode with VT = -1.5 V and IT = 1
nA. The grains and grain boundaries visible in the topography image are clearly reflected in
the BEEM image. b) Similar forward BEEM imaging is also done on Au(5 nm)/Cu(10 nm)/n-
Si(111) diode with same the VT and IT as in (a). c) Reversed biased STM topography (top)
and simultaneously obtained reverse BEEM current image (bottom) of the sample in (a) but
with VT = 1.5 V and IT = 1 nA. Due to the decrease in reverse-BEEM current, the R-BEEM
image is more noise dominated. d) Similar reverse BEEM imaging is also done on the device
in (b) with same tunneling condition as in (c). Bright contrast represents higher transmission
than the dark contrast as low transmission in each BEEM and reverse BEEM images.

BEEM current is expected. The increase in lateral momentum of the electrons in-
jected at a surface with appreciable gradient would result in less electrons satisfying
the momentum criteria at the interface, if the lateral momentum is conserved. Since
a reduction in the BEEM current is visible, this behavior points towards momen-
tum conservation in the metal over-layer and at the M/S interface. Besides this the
BEEM current is likely further reduced due to the longer path, the electrons have to
travel before they reach the interface due to their off normal trajectory. Apart from
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the grain boundary, a strong increase or decrease in BEEM current is also observed
which originates from buried features underneath the grains. Although the amount
of reverse BEEM current was strongly reduced but it was possible to do the imag-
ing as shown in Figs. 5.11 (c) and (d). The common observation of reduction of the
BEEM current at the grain boundary is consistent for both Si substrate orientations
and also observed in the reverse BEEM images.

In an earlier report of BEEM study on Bi/n-Si(111)-(7 × 7) [26], a strong increase
in BEEM current was observed at the step edges of 3-5 nm thick epitaxial Bi film
because of the conservation of the lateral electron momentum at the M/S interface.
Similarly, an increase in BEEM transmission is expected at the Au grain boundary
for Au/Cu/n-Si(111) device but what we see is opposite. When the injected carriers
hit the polycrystalline 5 nm Au capping layer, the electron momentum distribution
becomes isotropic which then propagates towards the epitaxial Cu/n-Si(111) inter-
face. Hence further momentum randomization at the grain boundary removes the
electrons from the collection pockets for both Si(100) and Si(111) and causes reduc-
tion in BEEM current. Also the Si(111) surface preparation in Ref. [26] was different
than our’s which plays an important role in the growth of the metal layer.

5.5 BHEM Transport Across Cu/p-Si(100) Interfaces

Hot hole transport can also be studied using BHEM [11] and can provide a direct
measurement of the SBH between the metal and the valence band of the semicon-
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Figure 5.12: Reverse BEEM on Cu/Au on n-Si(100). The reverse BEEM is compared with the
forward BEEM and the reverse BEEM transmission is a factor of almost 4 times lower than
the forward BEEM transmission for all Cu thicknesses.
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ductor. In BHEM, hot holes are injected from a STM tip onto a metallic overlayer
grown on a p-type semiconducting substrate as shown in Fig. 5.12(a). Depending
on the scattering in the metal layer, a fraction of the hot holes reach the M/S inter-
face and are collected as BHEM current, IBHEM , provided they satisfy the necessary
energy and momentum criteria to overcome the SBH at that interface. With this
in mind, we have used BHEM to investigate hot hole transmission in Cu films, of
different thicknesses, grown on p-Si(100). Such a systematic study enables us to
accurately determine the hot hole attenuation length over a broad energy range.
Electrical transport measurements reveal rectifying Schottky interfaces with barrier
heights of 0.51 ± 0.02 eV for the p-Si(100) interface. Further, we have also deter-
mined the energy dependent hot hole attenuation length in Cu thin film and find it
to be quite large, 36.6 ± 3 nm on p-Si(100) at 1 V tip bias. Similarly excited hot holes
from a injected hot electron distribution can also be investigated in the same devices
using reverse mode of BHEM as shown in Fig. 5.12(b). The reverse BHEM transmis-
sion, IR−BHEM is measured to be 4 times lower than the direct BHEM. However,
the scattered hot hole attenuation length is found to be even larger, 66.9 ± 3.4 nm at
-1 V tip bias.

5.5.1 Growth and I-V characterization

The metal layers (Cu and Au) are deposited by electron beam evaporation as previ-
ously done but now on p-type Si(100) substrates. From the previous XRD measure-
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Figure 5.13: (a) Surface topography as obtained from a large area scan (top) and also a
zoomed-in scan (bottom) by AFM. (b) I-V measurement of Cu(20 nm) on p-Si(100). The SBH
is extracted to be 0.51±0.02 eV by thermionic emission theory.
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ment, Cu is expected to grow highly textured along the (100) direction on Si(100).
The roughness analysis of the final growth is performed by scanning the top surface
using Atomic force microscopy (AFM). AFM scans of a large area and a zoomed in
region are shown in Fig. 5.13(a). The grain size of the capping Au layer varies be-
tween 10 to 30 nm. Large area AFM scan shows very smooth surface and the RMS
surface roughness from the zoomed region is found to be just 0.76 nm. Thick Cu
layer (60 nm) is expected to reduce the roughness of the top Au layer.

Prior to the BHEM measurements and to check the quality of the fabricated
Cu/p-Si diodes, standard I − V measurements are done at room temperature (RT)
and an examples is shown in Fig. 5.13(b). Clear rectifying behavior is observed with
the barrier height of 0.51± 0.02 eV as obtained by fitting the forward bias character-
istics using thermionic emission theory [16]. Ideality factor 1 indicates the diode is
an ideal diode at RT.

5.5.2 BHEM and R-BHEM Transmission

In order to extract the hot hole attenuation length in Cu and to compare it with the
hot electron attenuation length, the thickness dependence of the BHEM transmis-
sion is studied. Both direct and scattered hot holes transport across Cu/p-Si(100)
interfaces have been investigated using the two modes of BHEM. The local SBH
is determined by using the Bell-Kaiser model and a good match with the macro-
scopic I−V measurement is found. Measured BHEM transmissions for all different
thickness have been presented in Fig. 5.14(a) where each measurement spectra is an
average of about 100 measurements taken at several locations on each sample. To
determine the local height of the barrier, the square root of the data is taken for one
of the measurement, as can be seen in Fig. 5.14(b). For this device, the Schottky bar-
rier of φB = 0.50±0.01 eV is extracted from the best straight line fit from the linear
part of the data. The error comes as a fitting error from the deviation of the best fit.
Below the threshold, no BHEM transmission is observed. The experimental results
of reverse BEEM transmissions for the same devices are shown in Fig. 5.14(c). The
SBH is extracted using BK model [1], by plotting the double square root of IR−BHEM
with the tip bias VT . The SBH is extracted to be 0.52 ± 0.04 eV [Fig. 5.14(d)] and is a
close match to the direct BHEM as expected.

In a comparison between reverse BHEM and direct BHEM, we can see that the
R-BHEM transmission is nearly 4 times lower than the direct BHEM, similar to the
case for n-Si(100) substrate. For the case of Cu on n-Si(100), the SBH is 0.62 eV
whereas the SBH is 0.50 eV for Cu on p-Si(100) giving the band gap of Si to be (0.62
+ 0.50 =) 1.12 eV. A lowering of the SBH should result in a relative increase in the
transmission in R-BEEM for Cu/n-Si(100). However, our experimental observation
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Figure 5.14: (a) BHEM transmission per nA of injected tunnel current versus VT for Au(5
nm)/Cu(t)/p-Si(100), with varying Cu thickness. The curve for 10 nm Cu thickness has been
multiplied by 0.8. (b) From BK fitting, the average SBH occurs at 0.50 ± 0.01 eV at 100 K. (c)
Reverse BHEM transmission per nA of injected tunnel current versus VT for the same devices.
The curve for 10 nm Cu thickness has been multiplied by 0.8 factor. The reverse BEEM is
compared with the forward BEEM and the reverse BEEM transmission is measured to be a
factor of almost 4 times lower than the forward BEEM transmission for all Cu thicknesses. (d)
From BK fitting, the average SBH occurs at 0.52 ± 0.04 eV at 100 K.

indicates that we should consider the injection distribution profile, as well as the
band structure of Cu for the excitation of hot holes. Phenomenological modelling
can shed more light on the experimental findings.

5.5.3 Direct and Scattered hot hole attenuation length in Cu

Both direct and reverse BHEM transmissions depend exponentially on the thick-
ness of the Cu film. The normalized value of the BHEM and R-BHEM transmission
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Figure 5.15: (a) Normalized BHEM transmission as a function of Cu thickness at VT of 1.0
V and 1.6 V. (b) Variation of the hot hole attenuation lengths with injected hole energy as tip
bias. (c) Normalized R-BHEM transmission as function of Cu thicknesses at VT of -1.0 V and
-1.6 V. (d) The effective hot hole attenuation lengths as a function of the applied tip bias.

can be obtained for different energies. The plots of IBHEM versus Cu thickness (x)
are shown in Fig. 5.15(a) for VT = 1.0 V and 1.6 V. From the fit of the experimental
data, we extract the attenuation length λh, using an exponential decay of IBHEM∝
exp(−x/λh(E)). The attenuation length of hot holes in Cu is found to be 36.6 ±
2.2 nm and 31.2 ± 1.9 nm for the p-Si(100) substrate at 1.0 V and 1.6 V tip bias re-
spectively. Here too, the data for the 10 nm Cu film has a higher transmission than
the extrapolated fit because of the higher probability of the multiple passes. The
values of λ extracted similarly at various energies are plotted in Fig. 5.15(b). The
attenuation length is found to decrease from 44.3 ± 2.6 nm to 29.7 ± 1.8 nm for VT
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varying from 0.7 V to 2.0 V. Similarly, the plots of IR−BHEM versus Cu thickness
(x) are shown in Fig. 5.15(c) for VT = -1.0 V and -1.6 V. Here too, an exponential
dependence with x is observed and from the slope of the curve we extract the ef-
fective hot hole attenuation length λeff , using an exponential decay of IR−BHEM∝
exp(−x/λh−eff (E)). The effective attenuation length of hot holes in Cu is found to
be 66.9 ± 3.4 nm and 44.4 ± 2.2 nm for the p-Si(100) substrate at -1.0 V and -1.6 V
tip bias. The values of λh−eff extracted similarly at various energies are plotted in
Fig. 5.15(d). The attenuation length is found to decrease from 89.2 ± 6.4 nm to 44.2
± 2.3 nm for VT varying from -0.8 V to -2.0 V. From our experiments, we found that
the attenuation length of direct hot hole is very similar to that of the attenuation
length of the direct hot electron in Cu.

During the extraction of hot electron and hot hole attenuation lengths, we always
observed that the length scales are always higher at lower energy and decreases
with increasing energy for all cases. From Fermi liquid theory this is expected to be
the case but the theoretical fit always deviates from the experimental observation.
Adding a constant factor that represents elastic scattering results in a reasonably
good fit to the experimental data [27] but we found that such a parameter might
not always be the best representation. For Cu it is important to consider d electron
scattering and screening contribution for hot carrier transport as is discussed in the
next section.

5.6 Effect of Cu band structure in hot electron and hot
hole scattering

The energy dependence of the hot carrier attenuation length can be partially ex-
plained by considering the density of states (DOS) for s, p and d electrons for Cu
as shown in Fig. 5.16. According to Fermi’s golden rule the electron (hole) lifetime
decays with the number of empty (filled) states available into which it can scatter.
The dotted line is the Fermi energy. To the right (in red) are the electron states and to
the left (in green) are the hole states. The y-axis is the density of states with respect
to the energy as the x-axis. As can be seen in the graph, the contribution of the s
and p to the total density of states is low compared to the contribution of the d states
and also the total density of states per eV increases with energy above a certain cut
off energy defined by the Schottky barrier. Presence of more available states will
cause more scattering and thus the attenuation length will decrease with increas-
ing energy. Energy dependence of hot electron lifetimes was measured earlier by
time-resolved two-photon photoemission (TR-2PPE) spectroscopy. The discrepancy
between the experimental result and the theoretical calculation [19] was attributed
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hot e-

EF

hot h+

Figure 5.16: Theoretical calculation of the density of states of Cu as a function of the Energy.
The dotted line is an indication of the Fermi energy. We are probing the part that is indicated
with red for the hot electrons and with green for the hot holes. Taken from Ref. [17]

in part to the d-band electrons, which can participate both in scattering and screen-
ing of hot electrons.

5.7 Conclusion

In conclusion BEEM and its related techniques are used to study hot carrier trans-
port in thin Cu films on both n-type and p-type Si substrates. It is shown that Cu
grows in (100) direction on Si(100) and in (111) direction on Si(111) from the XRD
measurements. Hot electrons and hot holes are studied using both direct and re-
verse modes of BEEM and BHEM respectively. Hot electrons are investigated in Cu
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on n-Si(100) and n-Si(111) substrates whereas hot holes are investigated in Cu on
p-Si(100) substrate. Very close match of the nanoscale Schottky barrier from BEEM
and macroscale Schottky barrier from I − V in all cases are obtained.

For directly injected hot electrons, we find the transmission to be larger for Cu/n-
Si(111) interface than for Cu/n-Si(100) for all Cu thickness studied here, in spite of
the highly textured growth of Cu on both substrates. The transmission is measured
for Cu thicknesses ranging from 10 to 60 nm. We have determined the attenuation
length in Cu for both the substrate orientation and find it to be larger for Si(111)
than Si(100). Our findings underpin the influence of transverse momentum con-
servation of the transmitted electrons at the M/S interface and the availability of
parallel momentum states at such interfaces. The transmission in reverse BEEM for
Cu on these two substrates has been studied for the first time as well. The reverse
BEEM transmission compared to the direct BEEM transmission is a factor of roughly
4 times lower for Cu on Si(100) and about 3 times lower for Cu on Si(111). Both are
high compared to Au which has about a 10 times lower transmission. These dif-
ferences are caused by a difference in SBH and also the scattering in Cu (nearly 3
times larger direct hot electron attenuation length than Au). The transmission in
the reverse BEEM has a relatively large benefit from a lower SBH compared to the
forward mode.

BEEM imaging of both modes was also performed on both Cu/n-Si(100) and
Cu/n-Si(111) diodes. The surface topography show the Au grains of the capping
layer with diameter ranging between 10 to 30 nm. Correlation between the Au
grains and the contrast in the BEEM images is observed showing a reduction in the
BEEM current at the boundaries of the Au grains. Further inspection showed that
the BEEM current at the grain boundaries is reduced by approximately 20 - 40% for
both. The reduction of the BEEM current is explained in terms of the large surface
gradients present at the grain boundaries. Due to such gradients the electrons are
injected at large angles away from the M/S interface normal.

Hot holes are further studied for a complete understanding of the injected and
scattered hot electron and hot hole transport in Cu. The hot hole attenuation length
for directly injected hot hole in Cu on p-Si(100) is comparable to the hot electron
length scale on n-Si(100) substrate. The transmission in reverse mode is compared
to that in forward mode and is measured to be a factor of roughly 4 times lower.
The effective hot hole attenuation length due to the injection and scattering of hot
electrons is extracted to be much larger than that obtained from the directly injected
hot electrons and again consistent with the randomization of the excited hot hole
distribution. We believe that our experimental findings will be useful to develop a
phenomenological model for the theoretical understanding of the hot carrier scat-
tering, excitation and transport in Cu in the near future.
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Chapter 6

BEMM Study in Spintronic Devices with
Cu/n-Si Schottky Collector

Abstract

In this chapter, spin dependent hot electron transport and magnetic imaging in metallic
spin valve on n-Si(100) substrate are presented. Unusual features in the bias depen-
dence of spin transport are observed in a Co/Au/NiFe spin valve fabricated on a highly
textured Cu(100)/Si(100) Schottky interface, exploiting the local probing capabilities of
a Ballistic electron magnetic microscope (BEMM). This arises due to local differences in
the strain and the presence of misfit dislocations at the Schottky interface that enhances
spin flip scattering and broadens the energy and angular distribution of the transmitted
electrons. Cumulatively, these enable the transmitted hot electrons to probe the different
conduction band minima in Si, giving rise to such bias dependent features in the mag-
netocurrent. Magnetic imaging shows the formation and annihilation of 360◦ domain
walls at buried layers and interfaces. This study reveals new insights into the spin de-
pendence of transmission in an indirect band gap semiconductor as Si and highlights the
unique capabilities of BEMM in probing local differences in spin transport across such
textured interfaces. Further the attenuation lengths of spin-majority and spin-minority
hot electron in NiFe are determined by varying the NiFe thickness in the spin valve
devices using a Cu/Si Schottky detector.

6.1 Introduction and Motivation

M
etallic spin valves on Schottky interfaces are ideal for investigating spin trans-
port in ferromagnetic (FM) layers, studying spin asymmetry of relaxation times

for electrons and holes in FMs, probing spin-sensitivity of transmission at the elec-
tronically dissimilar FM Semiconductor (SC) heterointerface, etc. This is exempli-
fied by numerous studies involving hot electron transport in metallic spin valves
on different conventional semiconductors as Si [1, 2, 3, 4, 5, 6], GaAs [7], GaP [8],
GaAsP [9] etc.. Probing a different regime of the electronic band structure, such
studies involving hot electrons and holes have yielded quantitative estimates of dif-
ferent transport parameters as the scattering time and attenuation length at ener-
gies a few eV above and below EF , [10] and have been utilized for designing new
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schemes and devices in spintronics. Studies on spin transport reported so far have
been performed using spin valves with different FMs as NiFe, Co, Fe, etc. on poly-
crystalline Schottky interfaces with Si. In GaAs, a direct band gap semiconductor,
epitaxial Schottky interfaces are formed with Fe or its alloys and spin dependent
transmission has revealed nonmonotonic bias dependence of the magnetocurrent
arising from the different conduction band structures in GaAs [7].

Although hot electrons have been widely used to study spin dependent trans-
port in ferromagnets [3, 4, 5, 6], spin filtering of hot electrons in a spin valve has not
been utilized earlier for other fundamental studies as probing the local band struc-
ture of the underlying semiconductor in a semiconductor based spintronic device.
Here, we demonstrate an unique approach of exploiting hot electron spin transport
in a Co/Au/NiFe spin valve grown on an epitaxial oriented Schottky interface of
Cu(100)/Si(100), that reveal signatures of the electronic structure of an indirect band
gap semiconductor of Si(100). This is demonstrated by analyzing the collected cur-
rent, on the nanoscale, at different regions of the textured Schottky interface using
the local probing capabilities of the Ballistic electron magnetic microscope (BEMM)
[3]. Although it is known that ultrathin Cu grows epitaxially on Si(100) [12, 13], such
interfaces have not been exploited earlier to study spin dependence of transmission
in metallic spin valves at the nanoscale. Interestingly, for different locations in the
same spin valve device on Si(100) (denoted as Regions 1 and 2), we find that the col-
lected current for both parallel (IP ) and antiparallel (IAP ) alignments of the magnetic
layers exhibit significant differences in their bias dependence. The overall transmis-
sion for IP , in Region 2 (R2) is generally found to be lower than in Region 1 (R1)
upto a bias ∼ -1.4 V and thereafter increases gradually. For the antiparallel case, the
increase is more abrupt at a similar bias. Further, the collected current in R2 exhibits
unusual features in its bias dependence beyond ∼ -1.4 V. A large magnetocurrent
(MC) of ∼500% (at -0.9 V) [MC = (IP - IAP )/IAP ] is predominantly observed (in
R1) which decreases to ∼170% (at -2 V) with a monotonic bias dependence. The
extracted magnetocurrent in R2 also decreases and reaches ∼100% at -2 V.

6.2 Experimental methods

6.2.1 Measurement technique: BEMM

To study the bias dependence of spin transport, we have used Ballistic electron
magnetic microscopy (BEMM). BEMM is a three electrode extension (Fig. 6.1) of
the Scanning tunneling microscopy (STM) that is used to investigate perpendicular
spin transport through buried layers and interfaces in a spin valve grown on a semi-
conducting substrate [3, 4]. A PtIr STM tip is used to locally inject electrons onto the
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Figure 6.1: Schematic energy diagram of the BEMM experiment. The sample consists of
a n-Si(100) substrate coated with Cu(10)/Co(4)/Au(10)/NiFe(4)/Au(5) (nm). The STM tip
is used to locally inject hot electrons into the multilayer base by tunneling at a bias voltage
VT between tip and Au surface. The current IB flows perpendicular through the stack and
is collected at the conduction band of the Si substrate. (Top right) shows spin-dependent
transmission of the majority and minority electrons at the normal metal/ferromagnetic metal
interface and their exponential decay in the bulk of the metal films. The P and AP transmis-
sion are described in Eq. 6.1 and 6.2.

top Au layer and an additional contact at the semiconductor rear serves as the col-
lector [14]. In BEMM, the energy of the injected electrons can be varied by changing
the applied bias VT for a fixed tunnel current IT , thus yielding fundamental insights
into the energy dependence of the scattering processes in the ferromagnetic layers.
The spin dependence of the collected current, IB , is obtained by applying a mag-
netic field that changes the relative magnetization alignment of the FM layers in the
spin valve. After transmission through the spin valve, the electrons are collected in
the conduction band of the Si semiconductor, provided they satisfy the necessary
energy and momentum criteria at the M/S Schottky interface. The spin dependent
collector current, IB , for the parallel and antiparallel configuration, can be written
as,

IPB ∝ (TMFM1TST
M
FM2 + TmFM1TST

m
FM2)ΥP

Cu/Si (6.1)

IAPB ∝ (TMFM1TST
m
FM2 + TmFM1TST

M
FM2)ΥAP

Cu/Si (6.2)
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where TM and Tm refer to the transmission of the majority (M) and minority (m)
hot electrons in the ferromagnetic layers, and TS is the transmission in the spacer
(non-magnetic; NM) layer. The bulk transmission depends exponentially on the
NM and FM layer thickness as, T∝e−d/λ, where d is the thickness and λ the hot
electron attenuation length for the NM and FM layers [see inset of Fig. 6.1]. ΥCu/Si

denotes the scattering sensitive transmission probability at the highly textured M/S
interface.

6.2.2 Device fabrication and growth of Cu on Si

For the BEMM experiments, we use n-type Si(100) substrate (the carrier concentra-
tion of n-Si is 1015 cm−3). with a 300 nm thick SiO2 which is removed by buffered
hydrofluoric acid (HF). The pre-defined circular devices, 150 µm in diameter, are
hydrogen terminated using 1% hydrofluoric acid, onto which metal layers were de-
posited by e-beam evaporation. First, a 10 nm Cu layer was evaporated to form
a highly textured Cu/Si Schottky barrier [12], followed by the deposition of 4 nm
NiFe, 10 nm of Au and 4 nm of Co films. A final 5 nm of Au film serves as a capping
layer, for ex situ sample transfer to the BEMM set up.
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Figure 6.2: (a): The epitaxial orientation of Cu on Si is analyzed using x-ray diffraction of a
100 nm thick Cu film deposited on Si(100) using the θ-2θ mode. The XRD pattern indicates
that the Cu film has only one orientation normal to the film plane. (b): For the Cu/Si interface,
the lattice constant of Cu is 0.3615 nm while that of Si is 0.5431 nm. The corresponding lattice
structure is fcc for Cu and diamond for Si. From the lattice constants, the lattice mismatch is
calculated to be 6% if the Cu(100) rotates 45◦ with respect to Si(100).
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Figure 6.2 represents the epitaxial growth of Cu on Si using x-ray diffraction
(XRD) measurement of 100 nm Cu film evaporated on hydrogen terminated n-
Si(100). Conventional θ-2θ scan in Fig. 6.2(a) shows coexistence of Cu(200) peak and
Si(400) peak in the measurement i.e. Cu grows in the direction of <100> on Si(100)
substrate. Figure 6.2(b) represents how the Cu lattice is oriented on top of Si(100)
surface. From the diffraction peaks, the in-plane lattice constants are extracted to be
0.3615 nm for Cu and 0.5431 nm for Si. From the lattice constants we see that the
lattice mismatch is 33% along (100) but decreases to 6% if the Cu(100) rotates 45◦

with respect to Si(100) plane which increases the effective lattice constant of Cu by
a factor of

√
2 as discussed in Ref. [12]. This explains reasonably as to why Cu(100)

thin films grow epitaxially on the Si(100) substrate. At least highly oriented tex-
tured growth is expected with local misfit dislocation to compensate such 6% lattice
mismatch.

6.3 Magnetic measurements and resolution of BEMM

6.3.1 Magnetic hysteresis at the nanoscale

For an unambiguous demonstration of spin transport in such spin valves, nanoscale
magnetic hysteresis loops were recorded using BEMM as shown in Fig. 6.3(a). The
magnetic field dependence of the transmission, measured at -2 V and 4 nA tunnel in-
jection shows clear switching, characteristic of the relative parallel and antiparallel
alignment of the NiFe and Co layers. A typical measurement starts by fully saturat-
ing and aligning the magnetization of both the FMs by ramping the magnetic field
to a maximum. When the magnetic field is swept through zero and changes sign,
the softer FM viz. NiFe switches, leading to an anti-parallel (AP) alignment and
reduction in BEMM current. A further increase in the magnetic field switches the
Co layer along the magnetization direction of the NiFe layer, defining a parallel (P)
alignment and resulting in a higher BEMM current. The inset confirms independent
switchings of the NiFe and Co layers in the spin valve, using SQUID (Supercon-
ducting Quantum Interference Device) and characterized by a stepped hysteresis
loop with two distinct coercive fields [15], matching well with that of the magnetic
hysteresis loop obtained using BEMM.

6.3.2 Magnetic imaging of 360◦ domain wall

Figure 6.3(b) shows a series of collected electron current images obtained by scan-
ning the tip across a 3×3 µm2 area on the n-Si/Cu(10)/NiFe(4)/Au(10)/Co(4)/Au(5)
(all thickness in nm) structure at different applied magnetic fields. Magnetic images
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Figure 6.3: Local magnetic hysteresis and large area magnetic imaging. (a): Local hysteresis
loop obtained by BEMM at VT of -2 V and at IT of 4 nA, showing clear P and AP transmis-
sions. NiFe switches at ∼16 Oe and the switching field of Co on Au is at ∼86 Oe. These values
are consistent with that obtained from SQUID measurement. (Inset) SQUID magnetometer
measurement exhibits hysteresis loops with well-defined plateaus representing anti-parallel
configuration of Co and NiFe magnetic moments. (b) Series of magnetic images are recorded
as the BEMM transmission by scanning the tip over a fixed 3×3 µm2 area at VT of -1.4 V and
at IT of 3 nA. Obtained BEMM images are shown in (I), (II), (III) and (IV) for the in-plane
magnetic field values of -250, 26, 50 and 250 Oe respectively. BEMM current ranges from 0.56
pA (light) to 0.12 pA (dark) as standard P and AP state. (c): 360◦ domain wall is represented
schematically as is observed in the AP state mixed with local P state indicated in the white
box in Fig. (b)(III). A full 360◦ rotation of magnetization direction is needed to form such
domain in one of the ferromagnet relative to the other.

are recorded at VT of -1.4 V, IT of 3 nA and the obtained images are shown in (I),
(II), (III) and (IV) for the in-plane magnetic field values of -250, 26, 50 and 250 Oe
respectively. The color contrast in the images are such that the bright part represents
BEMM current (≈0.56 pA) in the P state, while the dark part represents BEMM trans-
mission (≈0.12 pA) in the AP configuration. The magnetization of both the FMs are
saturated at a field of -250 Oe and (I) corresponds to a large hot electron transmis-
sion corresponding to the P state. The magnetic field is then decreased to zero and
reversed to a small positive value. At a field of 26 Oe, magnetic contrast appears
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Figure 6.4: Magnetic resolution. BEMM image of 360◦ domain is zoomed-in with high res-
olution scan at a magnetic field of 50 Oe (AP alignment) and at VT = -1.4 V, IT = 3 nA. Mag-
netic resolution is determined from the BEMM current variation along the white dotted line
as shown in the right where the profile is fitted by a simple arctan function for a single bit
transition. The magnetic resolution for hot electrons is thus determined to be 16 nm.

defining a local AP magnetic state that coexists with regions of large electron cur-
rent. Increasing the magnetic field results in the evolution of the AP state with a
reduction in the BEMM current. However in (III) we observe an inhomogeneous
BEMM transmission due to the presence of magnetic domains. We observe 360◦

domain walls [6, 11] that act as a nucleation center for magnetization reversal. At
higher magnetic fields of 250 Oe, as shown in (IV), the domain walls annihilate and
the entire region exhibits a large BEMM transmission corresponding to the parallel
state. Figure 6.3(c) illustrates the formation of 360◦ domain walls where the magne-
tization in one ferromagnet rotates 360◦ in-plane, relative to the other ferromagnet.

6.3.3 Magnetic resolution

The magnetic resolution was determined from the signal variation along a line cross-
ing a 360◦ domain wall as shown in Fig. 6.4. The signal reaches the transmission
corresponding to the parallel state and the profile can be well described by a simple
arctan function for a single bit transition (blue solid line):

y = y0 +A.arctan

(
x−B
a

)
(6.3)

where y0,A,B, a are the fitting constants and the variable x refers distance along the
transition. Defining the transition width as the distance between the points where
20% and 80% of the maximum signal are reached, the width is determined to be 16
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Figure 6.5: Local variation of spin transport and hence change in magnetocurrent. (a), (b):
The variation of the BEMM transmissions for parallel (P) and anti-parallel (AP) magnetiza-
tion configuration of the Si/Cu(10)/NiFe(4)/Au(10)/Co(4)/Au(5) device corresponding to
two different regions in the same device. For both regions the transmission is larger for P
than of AP state. In region 2, a second onset is found at above ∼ -1.4 V for both P and AP
transmission unlike that in region 1. (c): From the P and AP BEMM transmission, magne-
tocurrent is extracted for both regions 1 and 2 and plotted with respect to the bias.

nm. This is a first demonstration of such high (magnetic) resolution achieved by
BEMM using hot electron on metallic spin valves. It is worth mentioning that the
resolution of the technique is not limited to this value but depends on the magnetic
structures to be resolved at such energies and the associated layer stacks.

6.4 Spin dependent transport at the nanoscale

For the BEMM transmission studies, the STM tip was placed at several locations
in the device (chosen at random) and the transmission for both P and AP state
recorded for each particular tip position. Spin-dependent transmission as mea-
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sured in BEMM, for both parallel and anti-parallel magnetization orientations of
the NiFe(4)/Au(10)/Co(4) spin valve are shown in Figs. 6.5(a) and (b). Figure 6.5(a)
represents the transmission as obtained in approximately 90% of the device area
in n-Si/Cu(10)/NiFe(4)/Au(10)/Co(4)/Au(5) and designated as R1. However, by
moving the STM tip across the device, the BEMM transmission as well as the spec-
tral shape is found to differ [as shown in Fig. 6.5(b)], at few other locations (approx-
imately 10% of the device area), from that in R1, and denoted here as R2. At such
locations, we also observe unusual features in the bias dependence for both the IP
and IAP transmissions. The overall transmission for IP is lower than that in R1 upto
a bias ∼ -1.4 V and thereafter increases gradually. For the antiparallel case, the in-
crease is more abrupt at a similar bias. The spectral shape of the collected current
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Figure 6.6: (a): Device schematic of the BEMM experiment using a n-Si/Cu(10)/
Co(4)/Au(10)/NiFe(4)/Au(5) device. Layer thicknesses are the same as that of the device
described in the main text. (b): Local transmission of the P and AP magnetization state of the
device as measured in Region 1, (c): Local transmission of P and AP state of the devices in
Region 2, (d): Magnetic information extracted from (b) and (c) and plotted with respect to the
applied tip bias.
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Figure 6.7: (a): Local hysteresis loop obtained by BEMM at -2 V and a tunnel current of 4
nA, showing clear switching of the ferromagnetic layers, (b): SQUID magnetometer mea-
surement, showing switching fields of NiFe and Co. Arrows indicate magnetic field sweep
direction. Measurements exhibit hysteresis loops with well-defined plateaus representing
anti-parallel configuration of Co and NiFe magnetic moments.

for the parallel and antiparallel transmission reflects the narrow energy distribu-
tion of the transmitted majority electrons and a relatively broad one for the minor-
ity electrons. The extracted magnetocurrent (MC) for the two regions is shown in
Fig. 6.5(c). The MC decreases with bias for both the regions but is more abrupt for
R2 and reaches ∼100% at -2 V.

To rule out possible artifacts in the BEMM transmission related to the growth,
we have also fabricated and measured spin dependent transport in a n-Si/Cu(10)/
Co(4)/Au(10)/NiFe(4)/Au(5) (nm) device (i.e the bottom FM is now Co). Here in
Fig. 6.6, we present the experimental results of nanoscale spin transport in such
device. For this device the sequence of the ferromagnetic layers have been inter-
changed from the device that is described earlier. A similar template of Si(100)/Cu
is used to grow the Co layer followed by the spacer layer of Au, the second ferro-
magnetic layer of NiFe, and finally a Au capping layer. This experiment was done
to eliminate any artifact related to the growth of the ferromagnets on a Cu/Si in-
terface. Here too, we observe two distinct regions (Region 1 and Region 2), char-
acterized by a similar Schottky barrier, that shows similar bias dependence of spin
transport. This confirms that the bias dependent unusual features that we find in the
n-Si/Cu(10)/NiFe(4)/Au(10)/Co(4)/Au(5) device, are indeed a true feature related
to electronic band structure of Si.
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Further, nanoscale magnetic switching of this device at -2 V and 4 nA, as ob-
tained by recording the local hysteresis using BEMM, is shown in Fig. 6.7(a). The
sequence of the measurement is the same as described in the main text. Figure 6.7(b)
represents the switching behavior of the base magnetic moments, for this device,
studied using SQUID magnetometry. Independent switchings of the NiFe and Co
layers are observed. The switching field of Co is different in this device from that
presented in the main text and is related to the well-known phenomenon of the dif-
ferences in domain wall pinning caused by a difference in roughness [15] when Co
grows on Cu. Co switching field is higher when it is grown on Au (∼90 Oe) than on
Cu (∼50 Oe) whereas NiFe switches at ∼16 Oe for both devices.

6.4.1 Energy dependence from the normalized transmission plots

The non trivial bias dependence of the BEMM transmission is further analyzed in
Fig. 6.8 and Fig. 6.9 for both devices. Figure 6.8 shows the data of the BEMM trans-
mission for P and AP configuration, in Regions 1 and 2, normalized to its value at
-2 V (left) and -1.2 V (right) for the Si/Cu/NiFe/Au/Co/Au device. We find that
the spectral shape and the energy dependence of the BEMM transmission in R2 is
different than in R1, for both the P and AP alignments, when normalized at -2 V.
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Figure 6.8: Normalized transmissions for the Si/Cu(10)/NiFe(4)/Au(10)/Co(4)/Au(5) de-
vice from Fig. 6.5. Both the P and AP transmissions are normalized at tip biases of -2 V (left)
and -1.2 V (right) respectively. Normalized plots at -2 V show a distinct change in the direc-
tion of curvatures indicating different energy dependence. When the BEMM transmissions
are normalized at -1.2 V, the onset of the energy dependence of the transmissions becomes
more pronounced, as shown around -1.4 V.
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Figure 6.9: (left) Normalized transmission from Fig. 6.6(b) and 6.6(c) at -2 V bias. P and
AP represent parallel and anti-parallel current, R1 and R2 are used to denote Region 1 and
Region 2, (right) Normalized transmission from Fig. 6.6(b) and 6.6(c) at -1.2 V bias. Energy
dependent features in spin transport appear above ∼ -1.4 V.

Normalizing the transmissions at a lower energy allows us to identify the onset in
the bias beyond which features in the P and AP spectra sets in. This has been done
at several lower biases and is shown for a bias of -1.2 V (Fig. 6.8 right). We see that
beyond∼ -1.4 V, the energy dependence of both the P and AP transmission becomes
more pronounced and correspond to the energy beyond which the unusual features
in the BEMM transmission sets in. Similarly, Fig. 6.9 shows the data of the BEMM
transmission for P and AP configuration for the Si/Cu/Co/Au/NiFe/Au device, in
Regions 1 and 2, normalized to its value at -2 V (left) and -1.2 V (right). We see that
for this device too, beyond ∼ -1.4 V, the energy dependence of both the P and AP
transmission becomes more pronounced.

The spin dependence of transmission of the injected hot electrons propagating
through the spin valve stack (TM,m

FM1,2) and their interfaces are expected to be
similar in both Regions 1 and 2 of the device. However, inhomogeneity at the M/S
interface in the device, due to differences in the strained epitaxial lattice and/or
the presence of misfit dislocations acts as effective elastic scattering centers, as in
R2, and increases the transmission probability (ΥCu/Si) of the transmitted electrons,
above ∼ -1.4 V, at such M/S interfaces. These scattering events also broaden the en-
ergy and angular dependence of the transmitted electrons and increases the relative
fraction of minority electrons by spin flip processes at the interface (increase in IAP ).
This is accompanied by a concomitant reduction in the spin asymmetry (IP/IAP )
at higher energies (above ∼ -1.4 V) and is manifested as an abrupt decrease in the
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Figure 6.10: Electronic structure and 3D Brillouin zone (BZ) of Si. There are six equivalent
ellipsoidal first conduction band minima at a distance about 85% from the Γ point to the X
points. The second conduction band minima is only 0.1 eV above the minima of the first
conduction band at the X-points. The second minima of the first conduction band are at
the L points which are about 0.8 eV above the first minima. There are expected eight such
L minima (not shown in 3D Si-BZ) which contribute to the extra collection of scattered hot
electrons above the second onset (SBH + 0.8 ≈ 1.4 eV).

MC with bias in R2. Subsequently, this energy and momentum broadening of the
transmitted electrons enables the electrons with larger parallel wave vectors to ac-
cess the almost degenerate minima of the second conduction band in addition to the
first conduction band at the X point (85% from the Γ point) in Si, besides probing
the second minima in the first conduction band at the L point as shown in Fig. 6.10.
The unusual features observed in the bias dependence of spin transport in R2 cor-
responds well to these additional thresholds in the conduction band minima in Si
at both the X (corresponds to collection from and above the Schottky barrier height
of 0.62 eV at the Cu/n-Si(100) interface [13]) and L point (corresponds to ∼ 0.8 V
above the Schottky barrier height) [16, 17]. Thus, the observed effect at ∼ -1.4 V is
0.8 V above the Schottky barrier height at the M/S interface and matches with the
energy separation between the first conduction band minimum at X and the second
conduction band minimum at L in Si.
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6.5 Hot electron transport through NiFe

Here we study the spin-independent and spin dependent hot electron attenuation
lengths in NiFe using two types of structures, either n-Si/Cu/NiFe(x)/Au devices
or n-Si/Cu/NiFe(x)/Au/Co/Au structures. The former set of devices allow us to
extract hot electron attenuation length in NiFe whereas the second experiment al-
lows us to extract the majority and minority hot electron attenuation length in NiFe.
We have used the technique of BEEM and BEMM respectively for this purpose.

6.5.1 Attenuation length of hot electrons in NiFe

The devices used here consist of three metal layers deposited onto a hydrogen-
terminated n-Si substrate, with a predefined contact area. The device configura-
tion is n-Si/Cu(10)/NiFe(x)/Au(5) (nm) with varying NiFe thickness x. The top Au
layer provides a chemically inert surface for ex-situ device transfer and the bottom
Cu layer forms a high quality Schottky detector with n-Si.
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Figure 6.11: (a) BEEM transmission per nA of injected tunnel current versus VT for n-
Si/Cu/NiFe(x)/Au, with varying NiFe thickness. The curve for without NiFe thickness has
been multiplied by 0.4. (b) Normalized BEEM current versus NiFe thickness (x) at VT = - 2
and - 1.2 V. (c) Variation of the hot electron attenuation length as a function of VT at 100 K.
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The hot electron transmission through single NiFe layers of varying thickness is
recorded as a function of tip bias, VT , at a constant tunnel current injection as shown
in Fig. 6.11(a). Each spectrum presented here is an average over 100 individual spec-
tra taken at different locations in the device. In Fig. 6.11(b), the transmitted electron
current is plotted as a function NiFe thickness at -1.2 and -2 V respectively. From the
slope of the fitted data using an exponential decay, IB∝ exp[−xNiFe/λ(E)], we ex-
tract the hot electron attenuation length λ in NiFe. The extracted attenuation length
is found to be 5.1 ± 0.3 nm at -2 V and 5.5 ± 0.3 nm at -1.2 V tip bias respectively.
The extracted attenuation lengths similarly at various STM tip bias are plotted in
Fig. 6.11(c). The attenuation length decreases from 6.1 ± 0.4 to 5.1 ± 0.3 between -
0.8 to -2 V. Such a decrease in attenuation length with increasing energies is because
of the increasing number of available states for hot electrons to decay into.

BEEM current, IB recorded in this measurements is a cumulative effect of attenu-
ation due to both spin-majority and spin-minority hot electrons. It is widely known
that λm (minority spin attenuation length) is usually shorter than that of λM (major-
ity spin attenuation length) in ferromagnets [6, 9], thus by increasing the thickness
of NiFe it is possible to suppress the contribution of spin minority electrons in IB .
However for a clean determination of spin majority and spin minority attenuation
lengths, we should use spin valve. From the spin dependent transmissions (BEMM
current) in such spin valves, λm and λM can be extracted precisely.

6.5.2 Attenuation lengths of spin-majority and spin minority

In order to determine the spin majority and spin minority hot electron attenuation
lengths in NiFe, we use spin valve structures with varying NiFe thicknesses. The
layers are deposited on the Si substrate in the following configuration, n-Si/Cu(10)/
NiFe(x)/Au(10)/Co(4)/Au(5) (nm) with NiFe thickness ranging from 0 to 10 nm. In
Fig. 6.12(a), we plot the BEMM current in such a spin valve device with a 4 nm thick
NiFe layer, at VT = -2 V and IT = 4 nA, by sweeping the magnetic field from -300
Oe to +300 Oe and back. Magnetic hysteresis loop is observed with a larger BEMM
current in the P state than that in the AP state. From this hysteresis loop, the MC
is extracted to be 180 ± 60%. However, the BEMM current shown in the hysteresis
loop is obtained from a∼10 nm local region chosen at random, an average of BEMM
transmission is recorded at different tip locations for P and AP configuration and are
shown in the BEEM transmission plots in Fig. 6.12(b). Thus each spectrum presented
in Fig. 6.12(b) is an average of more than 100 individual spectra taken at several
locations at constant tunnel current of 4 nA but at two magnetic fields of 200 Oe
and -50 Oe corresponding to P and AP orientations. Similar measurements have
been carried out in all the devices as shown in Figs. 6.12(c) and (d) as the magnetic
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Figure 6.12: (a) BEMM transmission versus magnetic field at VT = -2 V and IT = 4 nA of a
n-Si/Cu/NiFe(4 nm)/Au/Co/Au structure. (b) BEMM current versus tip voltage for P and
AP magnetic state on the same device as in (a) at IT = 4 nA. (c) BEMM transmission versus
magnetic field at VT = -2 V and IT = 6 nA of a n-Si/Cu/NiFe(10 nm)/Au/Co/Au structure.
(d) BEMM current versus tip voltage for P and AP magnetic state on the same device as in (c)
at IT = 6 nA.

hysteresis loop and BEMM transmission plot for NiFe thickness of 10 nm.

The magnetocurrent (MC) which is determined from the variation of the BEMM
current for P and AP, is very sensitive to the energy dependent scattering in the
spin vale base and at the M/S interface. Here we calculate the variation of MC as
a function of the injected electron energy for all NiFe thicknesses and the results
are summarized in Fig. 6.13. What we see from the plot is that the MC decreases
monotonically with the bias voltage. When the bias voltage is just above the Schot-
tky barrier, a large MC in the range of 350 to 500% is observed at -0.85 V which
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Figure 6.13: Compilation of bias voltage dependence of the magnetocurrent (MC) for differ-
ent thickness of NiFe layer in the spin valve. MC decreases with increasing bias.

decreases gradually upto in-between 100 and 140% at -2.00 V. The reason for the
decrease in MC with increasing bias is because of the change in transmission asym-
metry of electrons spins. Since the scattering rate is higher for minority electrons
than for the majority electrons, the minority electrons lose energy very fast and thus
have a broader energy distribution. So, when the injection electron energy is just
above the Schottky barrier, a larger portion of the majority electrons will be able to
surmount the Schottky barrier than the minority electrons. As a result of a large spin
asymmetry in hot electron collection, the MC will be large at low bias. At increasing
bias voltages, there is a possibility of more minority electrons to be collected due to
their broader energy distribution relative to the majority electrons and the MC will
decrease. MC extracted from all the spin valve devices are found to be very simi-
lar, however, it can be seen from the plot that the MC is throughout lower for the
device with 2 nm NiFe thickness within the limit of experimental accuracy. This is
attributed to the weak spin-filtering effect, because a 2 nm thick NiFe can pass more
minority spins (λm ∼ film thickness) than the thicker NiFe layer.

Further, the hot electron attenuation lengths of spin-majority and spin-minority
are extracted from the P and AP transmission values as shown in Fig. 6.14. Fig-
ure 6.14(a) shows IP and IAP versus NiFe thickness. As the thickness of the other
layers are kept constant, Eq. 6.1 and Eq. 6.2 are now simplified as,

IP =

[
A× exp(−xNiFe

λM
) +B × exp(−xNiFe

λm
)

]
(6.4)

IAP =

[
B × exp(−xNiFe

λM
) +A× exp(−xNiFe

λm
)

]
(6.5)
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Figure 6.14: (a) BEMM current as a function of the NiFe layer thickness at VT = -1.6 V for
parallel (squares) and anti-parallel (circles) alignment. The solid lines represent fits to the data
according to the equations described in text. (b) Hot electron attenuation length of majority
and minority electron spins in NiFe as a function of the electron energy. (c) Ratio of the
majority to minority electron attenuation lengths in NiFe as a function of the electron energy.

where A and B are the fitting constants which are related to the transmission of
spin-majority and spin-minority electrons in the other layers including also the re-
spective interfaces. From the fitting, we extract the spin-majority attenuation length
λM to be 5.28 ± 0.47 nm and the spin-minority attenuation length λm to be 0.56 ±
0.05 nm at -1.6 V (fitting constant A = 0.56 and B = 0.18). The spin-asymmetry of the
attenuation lengths is λM/λm = 9.42. Interface attenuation factor due to Cu/NiFe
and NiFe/Au interfaces is estimated to be 0.18, by extrapolating the fitted data to
zero NiFe thickness at -1.6 V. Similarly extracted attenuation lengths in NiFe at var-
ious energies are plotted in Fig. 6.14(b). We see that λM varies from 6.20 ± 0.56
to 4.95 ± 0.46 in the -0.9 to -2 eV energy range. The spin minority length is signifi-
cantly smaller and is extracted to be almost constant at 0.56± 0.05 nm. Figure 6.14(c)
shows the energy dependent of the attenuation length ratio, λM/λm represents the
spin-asymmetry in NiFe. The ratio decreases from 11.92 ± 0.61 to 9.16 ± 0.51 with
the increasing energies in same energy range which leads to the reduction of hot
electron spin polarization at elevated electron energies. The extracted attenuation
lengths in NiFe from this BEMM study are comparable with the SVT [18] and MTT
[19] experiments.
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6.6 Conclusion

In conclusion, we have probed additional conduction band minima in an indirect
band gap semiconductor as Si which was not observed in spin-valves in earlier stud-
ies involving polycrystalline M/S interfaces. It is enabled by the unique choice of
an epitaxial M/S interface and the capabilities of the BEMM in resolving spatial
differences in spin transport, in the same device, that arises due to differences in
the local strain at the underlying epitaxial oriented Cu/Si interface. The local dif-
ferences in the epitaxial oriented Cu/Si interface due to misfit dislocations in R2,
enhances momentum scattering and broadens the energy and angular distribution
of the transmitted electrons. This in turn increases the minority electrons due to spin
flip processes, decreases the transmission asymmetry at higher energies and reduces
the MC. All these cumulatively enables the hot electrons with larger parallel wave
vectors to access the X and L bands in an indirect band gap material as Si giving
rise to such features in their spin transport, hitherto not reported, and is a new ap-
proach to probe the electronic band structure in semiconductors. Further, we have
extracted the hot electron attenuation length of spin-majority and spin-minority in
NiFe in similar spin vale structures with variable thickness of NiFe. Spin-majority
attenuation length is determined to be equivalent to the spin-independent atten-
uation length and overall spin-majority and spin-minority attenuation lengths are
found to be comparable with the other hot electron experiments.
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Chapter 7

Nanoscale Spin Transport through Graphite
Nanostructures

Abstract

Organic semiconductors and/or carbon based materials are very attractive for spin based
electronics due to their weak spin orbit coupling and low hyperfine interaction. Although
very large spin relaxation length has been reported for lateral transport in graphene, but
the transport across the graphene or through the graphene layers in graphite is not yet
well understood. Here we use graphite as the model system to study perpendicular spin
transport through the weakly bonded graphene sheets in the hot electron regime using
Cu/Si Schottky detector. We observe no measurable loss of spin informations for 16 nm
thick graphite flakes, consistent with a previous report on similar hot electron experiment
using Au/Si Schottky detector. However the overall transmissions are recorded to be
approximately 1.8-2 times lower on the region with the flake than without the flake.
Taking into account the growth of the metallic layers sandwiching the graphite flakes
and the energy and momentum sensitivity of the Cu/Si Schottky interface to hot electron
spin transport, we explain our results on detection of hot electron scattering without any
measurable loss of spin flip scattering.

7.1 Introduction and Motivation

E
xtensive research has been performed over the past few decades on carbon-
based organic materials. Chemical tunability of the electrical properties along

with the mechanical flexibility in organic semiconductors [1] has already led to the
impressive progress in the filed of optoelectronics. Such materials are expected to
have a very long spin relaxation time due to weak spin-orbit coupling of light car-
bon (C) atoms and low hyperfine interaction which is beneficial for spintronics [2, 3].
However, to achieve a large spin relaxation length as in graphene [4, 5, 6], a very
long spin relaxation time along with high carrier mobility and the diffusion constant
are also desired. Transport in organic semiconductors are due to propagation of the
electrical carrier by incoherent hopping between strongly localized states [7]. How-
ever, transport in garphene and carbon nanotubes is because of band like conduc-
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Figure 7.1: Schematic representation of the highly oriented pyrolytic graphite (HOPG) crys-
tal. Carbon atoms (sp2 hybridized) in two dimension form hexagonal sheets which stack as
ABAB by weak van der Waals force in three dimensional graphite. The dashed lines indicate
the unit cell of graphite.

tion with high carrier mobility. Similarly, graphite is an interesting system because
the conductivity and mobility are very large in the plane of the graphene sheets, but
more than two orders of magnitude smaller in the perpendicular direction [10]. So
in perpendicular direction, it resembles organic semiconductors and will thus be an
interesting system to study spin transport. Moreover, graphite is available as a high
purity material which will lower the complications that impurities introduce.

The crystalline structure of highly oriented pyrolytic graphite (HOPG) is shown
in Fig. 7.1. Carbon (C) atoms in each graphite planes (known as graphene) are co-
valently bonded to three neighboring C atoms in the plane and form a honeycomb
lattice. Each C atom has four valence electron in its outermost electron cell, three
of which form covalent bonds. Electrical conductivity in a graphene plane is be-
cause of the fourth valence electron which does not take part in formation of a co-
valent bond and can easily move in an electric field. Each graphene plane orients
themselves to form bulk graphite in two possible ways, hexagonal and rhombohe-
dral. The pattern sequence is ABAB graphene layers for the hexagonal graphite in
which the bonding energy is lower than the rhombohedral graphite with ABCABC
sequence. The dashed lines indicate the unit cell of the crystal with in-plane lattice
constants, a = b = 2.456 Å. The bond length between two C atoms is 1.418 Å. For
hexagonal graphite, the lattice constant in the perpendicular direction is c = 6.694 Å.
The distance between two adjacent graphene planes is c/2 = 3.347 Å. Each graphene
planes are bonded by weak van der Waals forces that suggests no electrical conduc-
tion in the direction perpendicular to the graphene layers which is not completely
true. Recent model suggests that there is dominant weak metallic bonding forces
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Graphite Graphite

Figure 7.2: Recent demonstration of perfect spin transmission across the weakly bonded
graphene sheets in graphite spin valve. No measurable loss of spin information for trans-
mission through graphite nanostructures, 300-500 nm across and up to 17 nm thick in cur-
rent perpendicular to plane geometry. The device consists of a n-Si substrate coated with
Au(8)/NiFe(3)/Au(3)//Graphite//Au(3)/Co(3)/Au(4) in (nm). Here, the detector interface
is polycrystalline Au/n-Si Schottky barrier. (a) Topographic STM image. (b), (c) Correspond-
ing BEMM images for P and AP magnetic state. [(d)-(f)] Cross-section profiles as indicated in
the above images. Taken from Ref. [10].

between graphene planes [9]. It is considered that between graphene planes, delo-
calised π-electrons are enabling conduction.

7.2 Earlier report on perfect spin transport across graphite
sheets

In an earlier experiment on hot electron spin transport [10], it was shown by T.
Banerjee et al., that graphite nanoflakes upto 17 nm thick does not noticeably reduce
the transmitted current as shown in Fig. 7.2. Simultaneously there was also no loss
of spin information. Therefore it was estimated that graphite should have a much
longer hot electron attenuation length, at least larger than 100 nm at 1.8 eV above
the Fermi level. Because the spin-orbit interaction is weak in graphite, from this hot
electron experiment the spin relaxation length was expected to be even higher and
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approached the micron range. This surprising result was unexpected for transport
in a direction perpendicular to the graphene planes in comparison with other or-
ganic materials where much shorter spin-scattering lengths in the 10-40 nm range
are reported [12, 13, 14, 15]. Nevertheless, no loss of spin information confirms the
spin-flip length in graphite is larger than 17 nm thick graphite flakes. In this regards,
it was predicted by V. M. Karpan et al., that both graphite and graphene can form a
strong spin filter at the interface with ferromagnets in the perpendicular geometry
[11]. Both the experimental observation and theoretical calculation highlights the
potntial of graphite in spintronic devices.

7.3 Spin scattering and transport through graphite nanos-
tructure

In order to investigate the scattering of spin polarized hot electrons in graphite, we
employ similar BEMM experiment as in Ref. [10] but with an important modifica-
tion. Instead of using a polycrystalline Au/n-Si Schottky barrier of barrier height
0.8 eV, here we use nearly epitaxial Cu/n-Si interface of barrier height 0.6 eV that is
much more momentum and energy selective than the polycrystalline barrier. Our
graphite spin valve thus involves a sandwich structure consisting of two ferromag-

IT
VT
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n-Si(100)

Cu(10)
NiFe(4)

Co(4)
Au(5)

Au(10)

Graphite
ON

OFF

Figure 7.3: Schematic of the graphite spin valve device with the BEMM technique. Device is
fabricated by depositing Cu(10), NiFe(4), Au(5), Graphite, Au(5), Co(4), Au(5) (in nm) on n-
Si(100) substrate. Two tip locations are indicated as ‘ON’ and ‘OFF’ considering the transport
with and without the graphite flake. The BEMM current IB , is transmitted perpendicularly
through the layer stack and is collected at the back of the n-Si(100) substrate.
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netic metal layers with a graphite spacer as follows: n-Si/Cu(10)/NiFe(4)/Au(5)/
/Gr//Au(5)/Co(4)/Au(5) (in nm). The local capabilities of the BEMM technique
are then used to probe spin transport locally in such nanostructure as shown in
Fig. 7.3. The injected hot electrons by the STM tip will spin polarized in the Co
layer before reaching the graphite. A 4 nm thick Co layer is expected to transmit
hot electron with 85% spin polarization. The spin polarized electrons will then cross
the graphite and will be detected by the second FM layer. Finally the transmitted
electron will be collected in the conduction band of n-Si. In the spin transport ex-
periment when the spin is conserved in the graphite spacer, the total transmission is
largest for P alignment of the ferromagnets, and smaller for AP alignment. The mag-
netic information can be obtained as magnetocurrent, MC = (IP -IAP )/IAP , where
IP and IAP denote the transmitted current for the P and AP magnetic state, respec-
tively. Any spin relaxation process in the graphite spacer will tend to minimize the
spin asymmetry by equalizing the P and AP transmission and a reduction in MC is
expected. Comparing the local MC by moving the STM tip on the device with (‘ON’)
and without (‘OFF’) the graphite flake will then provide information about the spin
relaxation in the graphite spacer. In addition to that, injected hot electron energy can
be varied, typically from 2 eV to the SBH (0.6 eV), giving energy dependence of the
spin transport which is not accessible by ordinary conduction at the Fermi energy.

7.3.1 Device fabrication and flake identification

The fabrication steps of graphite spin valve are shown in Fig. 7.4(a). HOPG of SPI-
2 grade (density 2.27 g/cm−3, in-plane resistivity 4×10−5 Ω cm, and out of plane
resistivity 1.5×10−1 Ω cm) is exfoliated and then ultrasonicated in very large scale
integrated circuit-grade isopropyl alcohol for nanoflakes preparation [10]. For the
BEMM device, we use a n-Si(100) substrate where 300 nm SiO2 is removed from
a 150 µm diameter hole. First, a 10 nm Cu layer is evaporated to form a Cu/n-Si
Schottky barrier, followed by 4 nm of NiFe and 5 nm of Au, the latter providing a
chemically inert cap layer. Graphite nanoflakes are then ex-situ dispersed using a
microsyringe on the template and the solvent is allowed to dry. The sample is again
reintroduced into the deposition system and a final stack of Au 5 nm, Co 4 nm, Au
5 nm is evaporated.

The graphite nanoflakes are first inspected by AFM as shown in Fig. 7.4(b). This
is done because the AFM can scan a much larger area than the STM tip in the BEMM
system. The thickness of the graphite nanoflakes is found to vary in the range from
10 to 30 nm with flat top and their lateral dimension is found to vary between 100
and 600 nm (all AFM scans are not shown here). For thicker flakes it is found not
have a very flat top. A flat top is desirable as it is a strong indication that the graphite
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Figure 7.4: (a) Fabrication steps of graphite spin valve. Initially Cu(10), NiFe(4), Au(5) layers
are deposited on H-terminated n-Si(100) substrate, then ultrasonicated graphite nanoflakes
are dispersed on top. Finally Au(5), Co(4), Au(5) layers are deposited to complete the spin
valve structure. (b) AFM image of the top surface showing several graphite nanoflakes in the
top panel and in the bottom panel is the height profile along the horizontal line as indicated
in the image.

layers are stacked parallel to the surface. These graphite flakes are randomly dis-
tributed over the surface as are found in the AFM scans and sometimes the size of
the flakes are too small to perform any BEMM study. The graphite spin valve device
is then loaded in the BEMM system and the STM tip is landed in the close proximity
of the detected region with graphite nanofalkes.

7.3.2 Magnetic imaging of spin transport

First a surface topography is recorded by scanning the STM tip. A nanoflake is
clearly identified as shown in Fig. 7.5(a). The surface grains of the metal layers
are also visible in the picture. From the section view as indicated by the line, the
flake is found to be approximately 16 nm thick (48 graphene layers) as shown in
Fig. 7.5(d). The BEMM transmissions for parallel (P) and anti-parallel (AP) magne-
tization orientations are shown in Figs. 7.5(b) and 7.5(c). It can be seen that on (‘ON’)
the graphite there is lower transmission than off (‘OFF’) the graphite for both cases.
For the P state the transmitted current is largest and equal to about 0.42 ± 0.03 pA
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Figure 7.5: Spin transport measurement in the graphite spin valve of n-Si/Cu(10)/
NiFe(4)/Au(5)//Gr//Au(5)/Co(4)/Au(5) (in nm). The detector interface is now a nearly
epitaxial Cu/n-Si Schottky barrier. (a) Topographic STM image. (b) and (c) Corresponding
BEMM images for P and AP magnetic state. [(d)-(f)] Cross-section profiles as indicated in
the above images. The transmissions for P and AP state are measured to be approximately 2
times lower at the place ON the 16 nm thick graphite than OFF the graphite. Measurements
are performed at 100 K using PtIr metal tip.

at OFF the flake which decreases to 0.22 ± 0.03 pA at ON the flake at 2 nA injec-
tion. For the AP image on the right, the current is strongly reduced in most of the
area, and a slightly visible magnetic domain contrast appears. Transmission OFF
the flake is about 0.12 ± 0.02 pA whereas ON the flake is about 0.06 ± 0.02 pA for
again at 2 nA injection. At -1.4 V tip bias and 2 nA tunnel current, the transmission
ON the flake is found to be almost 2 times lower than OFF the flake as indicated in
Figs. 7.5(e) and 7.5(f). This is very different than the earlier report in a similar struc-
ture with an Au/n-Si interface as detector [10], where the graphite nanostructures
showed almost perfect transmission. In addition we also observe that there are some
regions surrounding the graphite flake have transmission lower and in-between ON
and OFF the flake. Such inhomogeneities at the edges of the flake is because of the
growth of the top metal layers at the boundary of the 16 nm thick flake during the
deposition process which cause an artifact in the magnetic imaging in the direction
of the scan. Although it was not the best magnetic image we have obtained but the
position of the flake is clearly identified for further transport experiment by placing
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the STM tip ON and OFF the flake and a more precise study on bias dependence of
spin transport has been done as describe in the next subsection. At the end of the
measurement we have also confirmed the position of the flake by a final STM scan.

7.3.3 Local hysteresis and energy dependence of spin transport

The STM tip that is used to inject current locally (10 nm region) in the structure, is
then positioned in a location at OFF and ON the 16 nm thick graphite flake as iden-
tified previously. As an unambiguous proof of spin transport, magnetic hysteresis
measurements are shown in Fig. 7.6 for both OFF and ON the flake. Transmitted
BEMM current is recorded by sweeping the magnetic field through a complete cy-
cle from +300 to -300 Oe and back, at constant tunnel current 2 nA and tip bias -2 V.
The magnetization of the two ferromagnets is first saturated by applying a magnetic
field of +300 Oe which leads to the parallel state with high BEMM current of 0.72 ±
0.04 pA at OFF the flake and 0.34 ± 0.04 pA at ON the flake. When the magnetic
field is swept to negative values, a transition to the AP state with lower transmission
of 0.33 ± 0.03 pA at OFF and 0.15 ± 0.03 at ON the flake occurs due to magnetiza-
tion reversal of the soft NiFe layer with respect to the Co layer. Further change in
the magnetic field reverses the Co magnetization and again the P state with high
transmission is recovered. A similar characteristics is observed on the retrace. The
corresponding MC is calculated to be∼120% for both outside and inside of the flake
whereas the BEMM transmission is nearly 2 times lower ON the flake than OFF the

Co
Au
NiFe

Graphite

Co
Au

Au
NiFe

-200 -100 0 100 200
0.0

0.2

0.4

0.6

0.8

-200 -100 0 100 200
0.0

0.1

0.2

0.3

0.4

�����

�� ����� �

 

�

BE
M

M
 T

ra
ns

m
is

si
on

 (p
A)

��������� �������� 
���	� ����

���
�� ���� �� ��� ����� �� ��� �

� ��� �� �� ��

��

���
�� ���� �� ��� ��

�� ����� �

 

�

BE
M

M
 T

ra
ns

m
is

si
on

 (p
A)

��������� �������� 
���	� ����

��� �� ��� �
� ��� �� �� ��

����

��

Figure 7.6: (a) Local magnetic hysteresis measurement at a tip position without the 16 nm
thick graphite flake shows variation of BEMM transmission with the external magnetic field
for both trace and retrace. (b) Similar measurement as in (a) but now placing the tip on the
flake. All measurements are done at constant VT = -2 V, IT = 2 nA and T = 100 K.
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Figure 7.7: (a) Bias dependence of the BEMM transmission for P and AP magnetization orien-
tation of the two FMs at the location OFF the flake. (b) Similar bias dependent measurement
ON the flake. (c) Bias dependence of the magnetocurrent for both OFF and ON the flake as
extracted from the Figs. (a) and (b) respectively.

flake for both P and AP. Apart from the transmission values, we have observed a
change in the switching fields of the ferromagnets. For both OFF and ON position,
the NiFe is observed to switch around 12 Oe whereas the switching field of Co has
changed significantly. The region without the graphite flake, Co is found to switch at
around 90 Oe but the switching field increases to 145 Oe with a much sharper jump
in the region with the 16 nm graphite flake. The reason for such change in switching
fields is due to the better decoupling between the two ferromagnetic layers locally
in presence of a 16 nm thick graphite.

In order to get the energy dependence of the spin transport, spectroscopy scans
are performed afterwards on both OFF and ON positions. STM tip is now posi-
tioned at several places outside the flake and the BEMM current is measured as a
function of VT for P and AP alignment. An average of nearly 100 individual spectra
for P and AP at OFF the flake is shown in Fig. 7.7(a). The non zero transmission is
only observed above 0.6 eV when the electron energy is above the Cu/n-Si Schottky
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barrier height. The BEMM transmission is largest for the P state and more than a
factor of 2.6 smaller at -2 V tip bias for the AP configuration as expected. Similarly
spectroscopy scan at out of the flake is shown in Fig. 7.7(b). Here too the non zero
transmission is only above the SBH with a significant difference between the P and
AP state. However the overall transmission is now lower by a nearly constant factor
of 1.8 times at -2 V for both P and AP at ON the flake. MC is now extracted for both
cases and are plotted in Fig. 7.7(c). MC of around 400% is found at -0.8 V which
gradually decreases to 160% at -2 V tip bias for both cases. Such decrement in MC
is because of the change in spin asymmetry with bias as reported earlier. Although
we observe a decrease in transmission on the flake but the similar MC indicates that
there is no loss of spin information while electron travels through the 16 nm thick
graphite spacer layer. This measurement shows that the spin flip length in graphite
is more than it’s 16 nm thickness. The transmission what we have recorded are
from the most commonly observed region-1 (90%) for both cases as is discussed in
the previous chapter. What we additionally observe here is that the transmission
ON the flake slightly facilitated the electron to be collected from the second conduc-
tion band minima at above -1.4 V tip bias than OFF the flake. Scattering of the hot
electron in the graphite flake and two Au/Gr interfaces is considered to be the rea-
son behind such an observation. During these measurements region-2 as indicated
in the previous experiment was not detected ON the flake. Such regions are only
nearly 10% of the total device area and thus might not be possible to observe easily.

Spin dependent collector current at the region OFF the flake, for the P and AP
configuration, can be written as [16],

IP ∝ (TMNiFeT
M
Co + TmNiFeT

m
Co), IAP ∝ (TMNiFeT

m
Co + TmNiFeT

M
Co) (7.1)

and at the region ON the flake can be written as,

IP ∝ (TMNiFeTGrT
M
Co+TmNiFeTGrT

m
Co), IAP ∝ (TMNiFeTGrT

m
Co+TmNiFeTGrT

M
Co) (7.2)

where TM and Tm refer to the transmission of the majority (M) and minority (m)
spins in the ferromagnetic layers, and TGr is the transmission in the graphite spacer.
In presence of the graphite flake, an increase in thickness (d) and the no. of extra
interfaces (Gr/Au) lead to a decrease in transmission, TGr∝β(Gr/Au)exp(− d

λGr
) be-

cause of increase in both elastic and inelastic scattering. If a material has a much
higher hot electron attenuation length than the used thickness in an experiment,
the decrease in transmission may not be significant to observe. However, using an
energy and momentum sensitive Schottky detector, it will still be possible to ob-
serve a constant reduction for both P and AP transmission. In this experiment we
have used nearly epitaxial Cu/Si Schottky interface with barrier height of 0.6 eV
for hot electron collection instead of a Au/Si interface of barrier height 0.8 eV. Also
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the epitaxial nature of the Cu/Si interface makes it very sensitive to the momentum
scattering as established earlier in chapter 6 in this thesis. So the electrons which are
being scattered in the bulk 16 nm thick graphite flake as well as at the two Au/Gr
interfaces will not be detected across epitaxial Cu/Si interface whereas they can
still be contributed in transmission across the relatively insensitive polycrystalline
Au/Si interface. Here in this experiment we found a nearly 1.8 - 2 times reduction
in both P and AP transmission whereas no loss of transmission was observed earlier
with Au/Si Schottky detector. Polycrystalline Au/n-Si interface has a barrier height
of 0.8 eV, hence relatively low energetic electron will be collected across Cu/n-Si
interface with proper momentum conservation due to the epitaxial nature. Because
of the difference in layer thicknesses it is not so trivial to compare the transmission
values between these two experiments however the actual reason for two dissimi-
lar observations is the difference in Schottky collector interface. Although the hot
electron scattering process removes electron from being collected in presence of the
flake, the spin asymmetry remain the same. The spin-flip length for perpendicular
transport in graphite is found to be significantly larger than the graphite thickness
which is in agreement with the previous experiment. For hot electron spin transport,
charge carrier velocity is different than the Fermi level electron which results in ad-
ditional inelastic scattering channels in addition with the elastic scattering. There
has been an intense research to understand lateral spin scattering and transport in
graphene, whereas our study establishes that graphite is also an equivalent material
to study spin transport and scattering in its perpendicular direction.

7.4 Conclusion and Outlook

In conclusion we have shown that using an energy and momentum sensitive Cu/Si
Schottky detector, it is possible to quantify the hot electron scattering in graphite
and across Gr/Au interfaces. The BEMM transmission ON the 16 nm thick graphite
flake is nearly 1.8-2 times lower than OFF the flake at -2 V tip bias. However nearly
equal MC at almost all energies indicates the spin flip scattering is much more larger
than the graphite thickness. Thickness dependent study of graphite flakes should
give much more information about the length scale. Although we tried to perform
the thickness dependent measurement but we found difficulties in the fabrication
process. Thicker flakes (>30 nm) are found to have distorted top surface than hav-
ing a flat surface which are not suitable for the deposition of the metal layers on the
flake. So we change our fabrication protocol and focus our interest towards the thin-
ner flakes to study hot electron in graphene directly across Graphene/n-Si interface
and is discussed in the last chapter in this thesis.
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Chapter 8

Graphene Based Hot-electron Transistor

Abstract

There is an ongoing research interest to explore the vertical transport properties of graphene
where very little is known. In this chapter we investigate the vertical transport across
graphene/Si (Gr/Si) interfaces, using a different device scheme based on hot electrons.
This reveals the characteristics of ballistic transport across such 2-dimensional (2D)
metal/semiconductor (M/S) Schottky interfaces as well as other transport characteristics
that are intrinsic to graphene. Devices are made from exfoliated and chemical vapour
deposited (CVD) graphene, with different fabrication methods. All devices are fabricated
on n-type Si(100) substrates with a doping level of 1015 cm−3 and a 300 nm layer of
SiO2 on top. Following the method of making graphene (Gr) suspended, we fabricated
non-suspended highly-rectifying (> 106) exfoliated-Gr/n-Si interface with negligible re-
verse leakage current. CVD-Gr/Si diodes are also fabricated by another approach using
PDMS stamp transfer of graphene onto a patterned substrate. Temperature dependent
I-V measurements are conducted to investigate the macroscopic Schottky barrier (SB)
parameters in between 80 K to 300 K for both kinds of diodes. The I-V measurement
reveals a decrease in barrier height and an increase in ideality factor (η) with decreas-
ing temperature because of the inhomogeneity in the diodes due to electron-hole puddles,
highly conducting graphene edge etc. Furthermore the perpendicular charge transport
at the interface of CVD-Gr/n-Si is investigated using Ballistic electron emission mi-
croscopy (BEEM). The BEEM current showed no scalability, i.e., the amount of injected
current (in the range of 1-10 nA) has little influence on the detected current contrary to
what is observed in normal M/S interfaces. In the reverse BEEM (R-BEEM) mode, holes
are collected when hot holes are injected which is also unusual for the conventional M/S
interfaces with n-type semiconductor.

8.1 Introduction and Motivation

Graphene, a mono-layer of carbon atoms, possess many fundamental physics prop-
erties in charge transport [1] as well as in spin-dependent transport [2] since its
isolation from bulk graphite by the method of mechanical exfoliation in 2004 [3].
Understanding of Schottky barrier between graphene and semiconductor is an on-
going research interest for a wide range of technological applications of graphene
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[4, 5, 6, 7]. In general, Schottky barrier is the building block of hot electron based
devices [8, 9, 10] such as spin valve transistor (SVT) [11], magnetic tunnel transis-
tor (MTT) [12], high speed logic etc., whereas Gr/Si interface is very unique due
to exceptional properties of the graphene. High optical transparency and electri-
cal conductivity of graphene makes it suitable for solar cell application [5], effi-
cient photodectors [13] and recently a Graphene-Barristor was demonstrated based
on tunable Schottky barrier across electrostatically gated Gr/Si interface [4]. Such
devices have mostly been realized by graphene obtained by chemical-vapour depo-
sition (CVD), which lacks in quality compared to the exfoliated graphene. Although
the exfoliated-Gr/Si Schottky diode was successfully fabricated [6], the rectification
(IFR/IRR ≈ 102: ratio between forward saturation current and reverse saturation
current) is reported to be very low with very large ideality factor, η ≈ 5 to 30. Such
a small value of rectification is mainly due to the fabrication method which causes
very high reverse leakage current and hence reduces the diode quality.

The research presented in this chapter will focus on the Schottky interfaces be-
tween exfoliated and CVD graphene with silicon. Schottky barriers allow a unidi-
rectional flow of electrons, forming the basis of a rectifying diode. Our final goal is
to examine the charge transport at the local scale at such Schottky interfaces between
graphene and silicon. A nanoscale precision can be reached by employing Ballistic
electron emission microscopy (BEEM). BEEM allows the injection of so called ‘hot
charge carriers’ with energies several eV above the Fermi level and with a confined
directionality. This confinement enables a precise study of the out-of-plane trans-
port properties of hot carriers in graphene and across Gr/Si interfaces.

Before such a study can be performed the Gr/Si interface needs to be fabricated
and characterized. This chapter will mainly focus on the fabrication of such inter-
faces using exfoliated graphene as well as CVD graphene and the characterization
using macroscopic I-V measurements at several temperatures from liquid nitrogen
temperature upto room temperature. At the end a short view will be given on the
first BEEM results across the CVD-Gr/n-Si interface. This thesis starts off with an
introduction on the electronic properties of graphene and then the results on macro-
scopic I-V measurements are presented and analysed. After that the first results on
the BEEM study performed on the Gr/n-Si interfaces are discussed.

8.2 Electronic properties of graphene

One of the reasons for the immense interest in graphene are its exceptional electronic
properties. To find out what gives rise to these particular properties we start by
looking at the lattice structure of graphene (Fig. 8.1a).
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Figure 8.1: (a) Graphene lattice with the lattice vectors a1 and a2. (b) The first Brillouin zone
with the reciprocal lattice vectors b1 and b2 and the high symmetry points K, K′, M and Γ.
(c) The Dirac cones are visible at the six corners of the Brillouin zone. The cones visualize the
valence and conduction band of graphene and touch at the corners of the Brillouin zone.

According to the tight binding model the unit cell of the lattice contains two
atoms A and B, and is spanned by two lattice vectors [14, 15]:

a1 = a/2
〈

3,
√

3
〉

and a2 = a/2
〈

3,−
√

3
〉
, (8.1)

where a = 1.42 Å is the carbon-carbon distance. The reciprocal lattice vectors are
then given by:

b1 =
2π

3a

〈
1,
√

3
〉

and b2 =
2π

3a

〈
1,−
√

3
〉
. (8.2)

Figure 8.1(b) shows the constructed first Brillouin zone. It has the same hexag-
onal shape as the original lattice, only rotated by 45◦. Each of the six corners in the
Brillouin zone can be reduced to two points, K and K′. These points are called Dirac
points and their positions are given by:

K =
2π

3a

〈
1,

1√
3

〉
and K′ =

2π

3a

〈
1,− 1√

3

〉
. (8.3)
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Figure 8.1(c) shows the valence and conduction band of graphene. The bands
touch each other at the K and K′ points, hence there is no energy gap. This gives
graphene metallic properties. Following the tight binding approach we can calculate
the shape of the bands using [14, 15]:

E±(k) = ±t
√

3 + f(k)− t′f(k) (8.4)

f(k) = 2 cos
(√

3kya
)

+ 4 cos

(√
3

2
kya

)
cos

(
3

2
kxa

)
, (8.5)

where t (≈ 2.8 eV) is the nearest-neighbor hopping energy (hopping between differ-
ent sublattices), and t′ (0.02t . t′ . 0.2t [16]) is the next nearest-neighbor hopping
energy (hopping in the same sublattice). The plus and minus sign in eq. 8.4 denote
the conduction (π∗) and valence band (π) respectively. For finite values of t′ the
energy is asymmetric around E = 0.

The remarkable electronic properties of graphene arise from the linear dispersion
around the K points for |E| < 1 eV. The wave vector can be written as k = K + q,
with ||q|| � ||K||. The dispersion of charge carriers is linear and is given by:

E±(q) ≈ ±vF~ ||q|| (8.6)

where q is the momentum measured relatively to the Dirac points and vF is the
Fermi velocity, which is defined as vF = dE/dp = 3ta/2 and has a value of ∼
106 m/s.

8.3 Rectifying I-V measurements across exfoliated-Gr/
n-Si interface

Here we demonstrate a new approach to fabricate highly-rectifying exfoliated-Gr/Si
interfaces and investigate a systematic temperature dependence of the barrier height
and the ideality factor of the diodes. Such understanding can be further utilized
for future complex devices based on Gr/Si interfaces to improve their function-
ality which might not be possible to realize in standard metals on silicon diodes.
We have followed the method of making graphene suspended, i.e., we fabricate
non-suspended exfoliated-Gr/n-Si interface with negligible reverse leakage current
(<10−10 A, limited by the measurement set-up). The forward current is measured to
be >10−4 A at 1 V for a optimized diode with a larger linear region in ln(I)−V plot
giving rectification, IFR/IRR > 106. Further temperature dependent measurement
from liquid nitrogen temperature to RT of the forward diode characteristics reveal
that there are strong inhomogeneities at the Gr/Si interfaces which is expected due
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Figure 8.2: (a) The 2-probe device configuration for graphene resistance measurement with
respect to the varying back gate voltage. The graphene flake is exfoliated on a Si/SiO2 (300
nm) substrate followed by the deposition of Cr/Au contacts. (b) Sketch of the I-V measure-
ment on the Gr/n-Si(100) device after removing the SiO2 underneath of the graphene. (c)
Scanning electron micrograph (SEM) of a typical Schottky diode.

to the electron-hole puddles in the graphene and/or highly conducting edge states
of graphene.

8.3.1 Device fabrication

In our devices, the graphene flakes are exfoliated on top of a Si/SiO2 (300 nm) sub-
strate and the single layer is identified by both optical contrast and atomic force mi-
croscopy (AFM). Then by using electron beam lithography (EBL) we make the pat-
tern where we deposit Cr(6 nm)/Au(35 nm) contacts on both side of the graphene
flake. We have now measured the in plane graphene properties by measuring the
field effect of graphene resistance (local 2-probe) by applying a back-gate voltage,
VG to the Si substrate as shown in Fig. 8.2(a). Next we have done another EBL step
to open up a window in the PMMA resists in the place of graphene flake and then
dip the substrate into the buffered hydrofluoric acid (BHF) to remove the SiO2 un-
derneath the graphene and the interface between graphene and silicon is formed
as shown in Figs. 8.2(b) and 8.2(c). Figure 8.2(c) represents the scanning electron
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Figure 8.3: (a) Optical microscope pictures in green light of exfoliated graphene devices for
field effect measurements. Three flakes of different shape and sizes are contacted by Cr/Au.
(b) Square resistances of the graphene flakes are plotted against the gate voltage at RT.

microscopy image of a typical non-suspended Gr/Si interface looked at 70◦ angle
with respect to the surface of the substrate. The electrical I-V-T characterization is
performed with a Keithley 2410 Sourcemeter in dark, inside a variable temperature
cryostat.

8.3.2 Field effect in exfoliated graphene

Prior to the SiO2 removal step, we did the in-plane electrical characterization of the
graphene flake using a standard lock-in technique. Figure 8.3(a) represents the op-
tical images of three such connected flakes named as device A, B, C respectively.
Graphene flakes are chosen in such a way that the distance between the two elec-
trodes are at least >2 µm for better stability of the diodes after Gr/Si interface fabri-
cation. In order to extract the mobility and carrier concentration, we have measured
the field effect of graphene resistance (R) with respect to the back gate voltage ap-
plied to the n-Si substrate as shown in Fig. 8.3(b) in two probe geometry. For all the
devices we have observed a strong hole-doping of graphene as the charge neutrality
point (CNP) appears in the positive gate voltage. This is very common for graphene
and it is believed that initial hole doping is because of water molecules on the hy-
drophilic SiO2 surface which is in between the substrate and the flake [17]. From
the measurements in Fig. 8.3(b) we can find the charge neutrality point (CNP) and
calculate the mobility of the electrons at the deflection point. The deflection point is
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Table 8.1: Extracted parameters from the field effect measurements in graphene from
Fig. 8.3(b)

Device CNP µ n

(V) (Vcm−2s−1) (cm−2)
A 25 2610 8.28×1011

B 36 5071 6.05×1011

C 8 9320 4.39×1011

where the derivative dR/dn is maximum. The charge density is given by:

n =
CG
q

(VG − VCNP ) = α(VG − VCNP ) (8.7)

where α = ε0ε/(qd) and is determined by the dielectric constant ε of the insulating
layer and its thickness d, finally ε0 is the vacuum permittivity and q the elementary
charge. Next the charge mobility can be calculated with as:

µ =
1

nqRsq
(8.8)

where the square resistance is defined as, Rsq = Rw/l, where R is the resistance of
the flake at a certain gate voltage andw and l are the width and length of the flake re-
spectively. A summary of the extracted results are shown in Table 8.1. Furthermore
we find that the extracted mobilities at the respective carrier densities are very typi-
cal for graphene on a SiO2 substrate.

8.3.3 Temperature dependent current voltage measurements

Figure 8.4(a) represents the atomic force microscopy (AFM) of surface topography
image (top panel) and also the simultaneously recorded amplitude mapping (bot-
tom panel) after removal of 300 nm SiO2 underneath of the graphene for the three
devices presented earlier. Images show that the flakes are clamped between the two
metal contacts with a part of them are touching the silicon and making the Gr/n-Si
interface without suspension and also without breaking the graphene in between
the two electrodes for electrode distance of >2 µm. From the AFM images, we have
seen that the Gr/Si interface is almost perfect for Diode-A and B but for Diode-C
a ∼14 nm inhomogeneous SiO2 in a shape of triangular hill (bright contrast in the
middle of the surface image) is seen. Although we have followed similar processing
steps to fabricate the diodes, we observed that the BHF etching step underneath the
graphene is strongly influenced by the hydrophilic property of SiO2 surface. Here
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Figure 8.4: (a) Atomic force microscopy image of the surface topography (top panel) and the
amplitude map (bottom panel) of the three diodes after removing the SiO2 underneath of
graphene. (b) Electrical I − V characterization of the diodes at room temperature just after
fabrication. The straight lines are fitted using the thermionic emission theory as described.

we make an analogy from the earlier measurement as follows, the SiO2 surface of
the Device-C is less hydrophilic than the Device-A and B as the CNP is closer to zero
for C than A, B. During the etching process, BHF goes underneath the flake (more
hydrophilic surface than the hydrophobic surface) and etches 300 nm thick SiO2

from top to bottom (for A, B) than removing the 1.5 µm SiO2 (flake width) from the
side of the flake (for C). This way we have fabricated two kinds of diodes similar
to M/S (Gr/Si) and M/I/S (Gr/SiO2/Si) interfaces. Figure 8.4(b) is the measured
I-V characteristics of the diodes plotted as ln|I| vs V in an ambient environment
(in dark) immediately after fabrication. At room temperature the zero bias Schot-
tky barrier height, φb0, and the ideality factor, η, are extracted for the three different
diodes using thermionic emission (TE) theory according to the following equation,

I ≈ A∗∗AT 2exp

(
− qφb0
kBT

)
exp

(
qV

ηkBT

)
(8.9)

where kB is the Boltzmann constant, A is the Gr/Si interface area, T is the temper-
ature, A∗∗ is the effective Richardson constant, considered to be 110 A cm−2 K−2

for the n-type Si(100) substrate which has doping concentration of Nd ≈ 1015 cm−3.
Extracted φb0 and η are listed in the Table 8.2.

Ideality factor, η, is a measured quantity which determines the quality of the
diode and can be written as,

η =
q

kBT

I
∂I
∂V

. (8.10)

For an ideal diode, η=1, represents purely TE process and according to the Schottky-
Mott relation, the expected barrier height can be the difference between graphene
work function (WGr) and electron affinity of Si (χ) i.e. WGr - χ = 4.8 - 4.05 = 0.75
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Table 8.2: Results of the fits to the measurements in Fig. 8.4(b)
Diode Gr/Si area φb0 η φbf

(µm2) (eV) (eV)
A 2.25 0.74 1.45 0.95
B 10.7 0.67 1.48 0.86
C 6.0 0.63 2.31 1.11

eV [5]. For one of our fabricated diode (A), we have seen a very close match to this
Schottky barrier hight with an ideality factor of 1.45. However, for most M/S inter-
faces in general, the SBH has a weak dependence on the metal work functions due to
the Fermi level pinning and the above relationship deviates from the experimental
results. Presence of a thin layer of unetched oxide, the improper termination of Si
surface can create interface dipoles, i.e interface states which pin the Fermi level and
provide more than unity ideality factor with a modified Schottky barrier of, φb0 =
WGr - χ + qVint, where Vint is the voltage drop due to interface dipoles which occurs
during the formation of Gr/n-Si interface. The measured Schottky barrier heights
of our diode-B, C are much lower than diode-A due to the difference in interface
states and dipoles. Although the graphene flakes are exfoliated from the same bulk
graphite, three devices have their own varying properties and none of the flakes
are identical. In a comparison between diode-B and C, diode-C is more non ideal
than diode-B because of the presence of inhomogeneous SiO2 and hence the barrier
height is lower for diode-C than diode-B. For all three diodes the reverse leakage
is surprisingly lower than the previous report on exfoliated Gr/n-Si diode [6] and
the order of rectification is much higher for diode-B and C. The forward saturation
current is limited by the forward series resistance for each diode. During I-V mea-
surement, current flows from the contact to the graphene, into the graphene and
then out-of-plane across the Gr/Si interface, hence the forward series resistance is
the combination of contact resistance, a part of in-plane graphene resistance and the
Gr/Si interface resistance. In a comparison, diode-A has less Gr/Si interface area
and relatively higher in-plane resistance than the diode-B and C which explains the
forward saturation current of diode-A to be much smaller than diode-B and C.

In addition, there can be other processes other than the TE which also modify
the barrier height and make the diode non-ideal (η>1). As the additional processes
there can be image force lowering, generation-recombination, thermionic field emis-
sion (TFE) and direct tunneling can effect the forward current as well as the reverse
leakage. For the n-Si substrate with doping concentration of 1015 cm−3, direct tun-
neling is highly unexpected as the calculated width of the depletion layer, Wd (>1
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Figure 8.5: (a) I-V characteristics for the diode B at various temperatures. (b) The Schottky
barrier heights and the ideality factors are extracted from (a) using TE-theory at different
temperatures. Similar measurements are plotted in (c) and (d) for diode C.

µm) is too large at room temperature. Further analysis of I-V characteristics of the
diodes at room temperature does not provide the detailed information of the charge
transport. Such effects can be better addressed in the temperature dependent mea-
surements.

The highly rectifying diodes-B and C are then loaded in the cryostat and cooled
down to liquid nitrogen temperature. The I-V characteristics of Gr/n-Si Schottky
diodes in the temperature range 80 - 300 K are shown in Figs. 8.5(a) and 8.5(c). The
forward bias ln(I)−V plots show clear linearity over several order of current for
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the entire temperature range. For both the diodes a gradual shift in the onset cur-
rent (∼ turn on voltage) is observed towards the higher voltage from ∼0.1 V (at
300 K) to ∼0.8 V (at 80 K). This is because of the thermal energy of electrons de-
creases with decreasing temperate from 26 meV (300 K) to 7 meV (80 K) and thus
the electrons require more energy (electric field) to overcome the barrier at lower
temperature. Also, at low temperature the electrons prefers to go through the lower
barrier height if there is a inhomogeneous distribution of the barrier and the effec-
tive barrier height decreases with decreasing temperature.

Now if we compare the forward resistance, one can see that the forward satura-
tion current for the diode-B is almost at the same level for all temperatures where
as for diode-C, the forward saturation current decreases with decreasing temper-
atures. As we have used the similar substrate, this change is due to the presence
of SiO2 at the interface in diode-C which become more resistive at low temperature
than diode-B. The values of zero bias barrier height and the ideality factor of the two
diodes are extracted by fitting the linear part of the forward current according to the
Eq. 8.9, for all temperatures and plotted as a function of temperature in Figs. 8.5(b)
and (d) for diode-B and diode-C respectively. The extracted ideality factor has been
found to increase, while the zero-bias barrier height decreases with decreasing tem-
perature in both cases. In addition we have seen a smooth change in both φb0 (from
0.67 eV to 0.34 eV) and η (from 1.56 to 3.67) for diode-B which is commonly observed
phenomena for Schottky diodes. For diode-C, we have measured an abrupt change
in both φb0 (from 0.64 eV to 0.41 eV) and η (from 1.99 to 4.68) which is because of
the competition between M/S and M/I/S kind of diodes due to inhomogeneous
interracial SiO2 layer. Current transport across the Gr/n-Si interface is tempera-
ture activated process, low temperature electrons will surmount the lower barrier
and therefore the current transport will be dominated by the low Schottky barrier
patches with greater non-ideality. With increasing temperature, more electrons will
have sufficient energy to surmount the higher barriers and the extracted effective
barrier will also be increased. There is no clear theoretical understanding to exactly
explain this dependence of φb0 and η with temperature other than considering the
inhomogeneous distribution of barrier heights across the Gr/n-Si interfaces [18].

8.4 Macroscopic I-V measurements across CVD-Gr/ n-
Si interface

Apart from the devices of exfoliated graphene, also devices from chemical vapour
deposition (CVD) graphene are prepared. In the case of exfoliated graphene the
flake is first deposited onto the substrate and afterwards the SiO2 is etched with
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Figure 8.6: An optical image of the substrate (red) with CVD graphene on top (darker red)
and the circular patches are the device areas where the SiO2 has been etched (yellow on the
left, green on the right image). A detailed view of one of the holes can be seen on the right.
Note that CVD graphene does not cover the entire substrate and some areas contain multiple
layers of graphene.

BHF. For the CVD graphene based devices the SiO2 is etched with BHF and the
surface states are terminated by a 1% HF treatment. Within 5 minutes the CVD
graphene is then transferred on top of the entire substrate. For the CVD samples it
is expected that there are less surface states at the interface. CVD graphene can also
cover large areas so multiple diodes can be prepared on a single substrate.

8.4.1 Device fabrication

The substrates used for these devices are the same Si substrates as the ones used for
the exfoliated devices. However the first step consists of defining an etch pattern
of circular holes (4% PMMA and hard baked at 100◦C for 90 sec. after develop-
ment) and removing the SiO2 by dipping the sample in BHF for 9 minutes. Polymer
layer is then removed by using acetone and afterwards the sample is submerged
in 1% Hydrofluoric acid (HF) to terminate the dangling Si bonds. Next the sam-
ple is rinsed in DI water for 1 min to stop the etching and remove the remaining
chemicals. Within 5 minutes after the etching, the CVD graphene is deposited on
top of the substrate by PDMS stamp as shown in Fig. 8.6, minimizing the amount of
naturally grown SiO2 on the freshly exposed Si.

Once transfered, the graphene in between the different diode areas is discon-
nected by ion beam etching (see Fig. 8.7(a)). This is done with another EBL step
(3% PMMA) to define the grid pattern. The sample is then loaded into a vacuum
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Figure 8.7: (a) After the CVD graphene has been transferred the different diode areas (yellow
circles) are separated with ion beam etching. (b) A new layer of PMMA is spin coated on top
and the contact areas are defined and (c) a layer of 6 nm Ti and 35 nm of Au are evaporated
to form the contacts.

chamber for oxygen plasma etching. By exposing the uncovered parts (i.e. without
EBL resist) for 30 seconds with the plasma the graphene is etched layer by layer.
This time was selected to ensure also the multi layer graphene parts are etched com-
pletely. Next a new layer of 3% PMMA is spin coated on top of the old layer and
loaded into the EBL to define the contact areas and afterwards it is loaded into the
e-beam evaporator to deposit the metal contacts (Fig. 8.7(b) and (c)).

There are some advantages to the CVD graphene based devices: (1) the amount
of devices on the same substrate can be >10 and (2) all of them are made under
the exact same conditions. Drawbacks are the poor quality and coverage of the
graphene compared to exfoliated graphene (see Fig. 8.6).

8.4.2 Temperature dependent current voltage measurements

Figure 8.8(a) and (c) show the I-V characteristics of two diodes which are on the
same substrate. From these graphs the Schottky barrier heights (SBH or φb0) and
ideality factors (η) are extracted and plotted in Fig. 8.8(b) and (d). Also the values
are displayed in table 8.3. There are many differences between the two diodes, even
though they come from the same substrate. There are also huge differences between
the characteristics of exfoliated and CVD devices, which is understandable because
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Figure 8.8: (a) Temperature dependent I-V measurements of device CVD-A and (b) the ex-
tracted barrier heights and ideality factors at different temperatures, using the thermionic
emission model. (c) Same measurement done on a second diode which was located on the
same substrate (d) and the extracted parameters. The extracted φB and η are in Table 8.3.

the processing is different on both devices and the quality of CVD is not as good
as exoliated graphene. For device CVD-A the SBH increases linearly with increas-
ing temperature and the η decreases almost linearly with increasing temperature.
This is different from the exfoliated devices which displays a more or less exponen-
tial behaviour. Device CVD-B shows a slightly different behaviour than CVD-A.
The SBH and ideality factor behave more like the exfoliated devices (i.e. exponen-
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Table 8.3: Extracted Schottky barrier height φb0 and ideality factor η before the samples are
annealed. CVD-A CVD-B

T (K) φb0 (eV) η φb0 (eV) η

80 0.39 5.64 0.36 5.85
100 0.46 4.86 0.46 4.55
120 0.51 4.74 0.62 3.02
140 0.53 5.20 0.68 2.84
160 0.61 4.29 0.77 2.50
180 0.62 4.91 0.86 2.19
210 0.70 4.32 0.93 2.09
240 0.80 3.23 0.82 2.94
270 0.85 2.99 0.85 3.08
300 0.90 3.42 0.86 3.38

tial increase and decrease of both parameters), except around 230K where there is a
sudden change in both parameters. The SBH for both devices at RT are comparable,
but are higher than the SBH for exfoliated devices. A reason for this might be that
because of the lesser number of surface states caused by the H-termination. Fur-
thermore the extracted SBH also depend on the active area of the diode. Certainly
in the case of CVD graphene it can be hard to measure the exact areas (with AFM
for example), because it is not always clear if the sheet is connected everywhere and
thus if the entire sheet contributes in the conduction.

Thermal annealing of the Diodes

Because of the inconsistent behaviour and in order to improve the device quality the
substrate containing the two diodes CVD-A and CVD-B are annealed overnight at
150◦C. The results are displayed in Fig. 8.9 and in Table 8.4. The SBH and ideality
factor now show a more or less linear behaviour with temperature. Furthermore the
sudden change in both parameters around 230K disappeared after the annealing.
Also the ideality factors at room temperature of both devices are decreased, while
the SBH remained more or less constant. This means that the diode now behave
more like an ideal diode, i.e. the electron transport behaves more according to the
thermionic emission model. Also the turn on voltage (from 0 V) of the forward
current flow at RT is higher before annealing (0.4 V versus 0.25 V), indicating that
the annealing process made it easier for the current to pass the barrier at lower
biases. At lower temperatures the change does not really show a trend and exhibits
large error bars (especially device CVD-B), because of the lesser number of data



148 8. Graphene Based Hot-electron Transistor

-0.5 0.0 0.5 1.0 1.510-12

10-11

10-10

10-9

10-8

10-7

10-6

-0.5 0.0 0.5 1.0 1.510-12

10-11

10-10

10-9

10-8

10-7

10-6

c)

b)

|C
ur

re
nt

| 
(A

)

Applied Voltage (V)

 80 K
 100 K
 140 K
 180 K
 240 K
 300 K
 TEM fit

a)

50 100 150 200 250 300
0.25

0.50

0.75

1.00
 

Temperature (K)
S
ch

ot
tk

y 
ba

rr
ie

r 
he

ig
ht

 (
eV

)
1

2

3

4

5

6

7

Ideality factor

 

 

|C
ur

re
nt

| 
(A

)

Applied Voltage (V)

 80 K
 100 K
 140 K
 180 K
 240 K
 300 K
 TEM fit

50 100 150 200 250 300

0.4

0.5

0.6

0.7

0.8

0.9d)

Temperature (K)

S
ch

ot
tk

y 
ba

rr
ie

r 
he

ig
ht

 (
eV

)

2.5

3.0

3.5

4.0

4.5

Ideality factor

Device CVD-B

Device CVD-A

Figure 8.9: These figures show the results after the samples are annealed overnight at 150◦C.
(a) Temperature dependent I-V measurements of device CVD-A and (b) the extracted barrier
heights and ideality factors at different temperatures, using the thermionic emission model.
(c) Same measurement done on device CVD-B which is located on the same substrate (d) and
the extracted parameters.

points through which the fit is conducted.

There are many differences between the devices made with CVD graphene and
exfoliated graphene. As mentioned earlier, the device fabrication is different for
both devices and thus can cause differences in I-V characteristics. Also the quality
of the CVD is lower, in terms of homogeneity and mobility. Furthermore, due to the
growth process of CVD graphene, the graphene sheet consists of grains or patches
which are stitched together. The grain boundaries can act as possible scatter centers.
Also the CVD graphene contains wrinkles (which are determined by the rough-
ness of the Cu substrate on which the graphene is grown) which might prevent
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Table 8.4: Extracted Schottky barrier height φb0 and ideality factor η after the sample was
annealed. CVD-A CVD-B

T (K) φb0 (eV) η φb0 (eV) η

80 0.36 6.50 0.46 3.63
100 0.44 5.00 0.47 3.93
140 0.54 4.44 0.60 3.27
180 0.62 4.28 0.68 3.09
240 0.81 2.99 0.76 3.13
300 0.92 1.83 0.83 2.53

the graphene from making intimate contact with the Si. Finally the CVD graphene
transfers are of very low quality, as seen on the optical images. The determination
of the active area of the diode can be hard in the case of CVD graphene, because it
is not always clear if the sheet is connected everywhere and thus if the entire sheet
contributes in the conduction. This might also be a reason for the spread in bar-
rier heights for CVD-graphene on silicon. The forward currents for CVD graphene
based devices is lower compared to that of exfoliated devices. This might be due to
the fact that the low quality of the CVD graphene sheet causes more series resistance
in the diodes. The annealing process lowered the ideality factors of both CVD de-
vices, to values which are comparable to the exfoliated devices. Due to the removal
of dopants, the diode now behaves more close to the ideal diode.

8.5 Nanoscale hot carrier transport across Gr (CVD)/ n-
Si interface

As mentioned in the previous chapter, the variation of both the SBH and the ide-
ality factor with temperature can be explained by assuming that we have a inho-
mogeneous SBH, containing patches with a different SBH than its surrounding. To
get a grasp upon the shape and size of these patches Ballistic electron emission mi-
croscopy (BEEM) is employed to investigate the SBH at the nanoscale. Furthermore,
because of the energy and momentum criteria of this measurement technique, the
out of plane hot carrier transport characteristics can be determined. BEEM stud-
ies are conducted only on CVD-Gr/n-Si samples, as the diode area of exfoliated
graphene samples is too small to find by the STM tip.

Figure 8.10(a) shows a schematic view of the measurement setup which is used.
For direct BEEM as shown in Fig. 8.10(b), hot electrons are injected into the CVD
graphene from the STM tip which is in direct contact with the Si. Some electrons
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Figure 8.10: a) Schematic cross sectional view of a BEEM measurement on a CVD-Si sample
with the corresponding contacts. The black arrow indicates the STM tip from where electrons
are injected into the sample. b) BEEM and c) R-BEEM on a graphene-Si interface. Electrons
are denoted by • and holes by ◦.

travel ballistically through the graphene and are collected in the conduction band of
the semiconductor. Then the thermalized electrons travel to the back contact where
they are collected as the BEEM current, IB . Energy schematic of reverse-BEEM is
shown in Fig. 8.10(c) for CVD-Gr/n-Si device and the process is discussed in more
details in the experimental section.

8.5.1 BEEM experiments on Gr (CVD)/n-Si(100) device

Figure 8.11(a) shows the forward BEEM currents at different STM tip positions on
the sample measured at room temperature (RT). The measured BEEM current (IB)
is plotted with respect to the applied tip bias, VT . Each displayed spectrum is an
average of several measurements taken at the same location. There is a spread in
the BEEM current at different locations, which might be due to the fact that CVD
graphene is highly inhomogeneous compared to exfoliated graphene. The inset
shows the square root of the BEEM current versus the tip bias for one such tip posi-
tion, where the linear part has been fitted using the Bell-Kaiser model. A Schottky
barrier height (SBH) of 0.93± 0.02 eV is obtained, which is in close agreement to the
values found from the macroscopic I-V measurements of the CVD-Gr/n-Si samples
at RT.

In Fig. 8.11(b), the reverse BEEM current is plotted against the tip bias. The only
difference between forward and reverse BEEM (R-BEEM) is that for the latter case
the STM tip is positively biased. R-BEEM on normal metals as discussed in chapter
4 and 5; secondary hot electrons are created by Auger-like scattering and collected as
collector current in the n-type Si although hot holes are injected. This does not seem
to be the case for graphene, where an electron current is drawn from the graphene
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Figure 8.11: a) The forward BEEM current versus the tip voltage (VT ), taken at different STM
tip locations. The inset shows a square root of the BEEM current versus VT to extract the
Schottky barrier for one such tip location. b) The reverse BEEM current versus the tip voltage
similarly recorded for positive tip bias at several STM tip locations.

which originates from the conduction band of the SC. This process is illustrated in
Fig. 8.10(c).

In reverse BEEM experiment, STM tip injects holes which create e-h pairs by
scattering with electrons close to the Fermi level, similar to Auger scattering. These
electrons created by scattering can then surmount the Schottky barrier at the Gr/Si
interface. However atEF (at CNP) there are no electron or hole states for an injected
hot hole to scatter with for the formation of such scattered products (e-h pairs). The
injected hot holes will then move forward due to the applied electric field and will
thus reach the Gr/Si interface. This is further assisted by the fact that one expects
negligible (inelastic) scattering of the hot holes in one monolayer of graphene. The
transmitted hot holes reaching the M/S interface will reach the valence band region
and a hole current sets in by the process of recombination inside the semiconductor.
This leads to the collection of holes in reverse BEEM contrary to what has been
observed in any conventional M/S interface. Collection of hot holes in the R-BEEM
with n-Si reveals that the Auger-like process is less efficient in graphene at these
energies.

Weak dependence on current scaling

Figure 8.12(a) and (b) show the forward and reverse BEEM at two different tunnel-
ing currents. It is striking that there seems to be very little influence on the collected
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Figure 8.12: a) Forward BEEM versus tunneling bias at different tunneling currents, IT . b)
Reverse BEEM current at different tunneling currents. Measurements are conducted at RT
and each plot represents an average of several spectra.

BEEM current, while more electrons are injected into the system without increasing
the energy.

For the hot massless Dirac Fermions transport across Gr/Si interface, conven-
tional BEEM theory might not hold. As graphene is a 2D material, we do ex-
pect a much higher BEEM current due to the negligible scattering across the one
monolayer thickness. However, experimentally obtained BEEM transmission across
Gr/Si interface surprises us where a much larger transmission was expected. To un-
derstand this we look into the properties of graphene. 2D graphene has an unique
property, i.e., defined location of momentum, k at the 6 corners of the Brillouin zone
in the x, y plane and is linearly related with energy E. In BEEM experiments for hot
electrons to be collected into the semiconductor (SC) they should follow the conser-
vation of k‖. In the case of Gr/Si we do observe IB but whether the collected hot
electrons follows the necessary criteria of energy and momentum at the interface as
in BEEM with conventional M/S interface cannot be specified. The basic premise of
BEEM theory (scaling with tunnel current etc.) and hot electron collection is based
on these two criteria. Graphene is a 2D material in which kz wave vectors might not
exist and this indicates that scaling of IB with IT (as in conventional BEEM theory)
might not be strictly valid. However, increasing energy (E) could allow the hot elec-
trons to flow into the semiconductor above a certain barrier. The necessary E and k,
requirements for hot electron transmission from graphene to Si for BEEM studies, is
not clear.

Non-scalability of collector current with the injection current can also be inter-
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Figure 8.13: a) Forward BEEM versus tunnelling bias at different tunnelling currents, IT . b)
Reverse BEEM current at different tunnelling currents. Measurements are done at RT and
each plot represents an average of several spectra.

preted by the hot electron scattering in graphene. In graphene, the hot electron
scattering processes are relatively slower than the base transfer time. Thus, injected
hot electrons will scattered with the other injected hot or not completely relaxed
electrons and as a result there will be no scalability in the tunnel current (range of 1
to 10 nA). More details of the time scales of the hot electron scattering processes in
graphene can be found from other recent experiments as in Ref. [19, 20, 21, 22, 23].

8.5.2 BEEM experiments on Au/Gr(CVD)/n-Si(100) device

Further, we have carried out the BEEM experiment in a device structure of Au/Gr-
(CVD)/n-Si(100). Presence of a thin layer of 10 nm Au confirms the injection of
hot electrons into Au as well as in graphene. The experimental results are shown
in Fig. 8.13. Scalability of the BEEM currents are again verified by changing the
tunnel current in the range from 3 to 9 nA for both forward and reverse BEEM ex-
periment. Absence of scalability confirms the transport of massless Dirac Fermions
from graphene to the Si across the interface as observed previously. Reverse BEEM
transmission confirms the collection of holes which we found to be another com-
mon characteristic of the transport of massless Dirac Fermions across the interface.
However, we have observed several differences in the experimental results for the
Au/Gr- (CVD)/n-Si device than the Gr(CVD)/n-Si device. The forward BEEM cur-
rent is now much reduced than the previous observation with a much lower onset
around 0.14 ± 0.02 eV. The reverse BEEM current is measured to be as high as ∼1
nA at 1.6 V tip bias for the injection current in between 3 to 9 nA. The onset for the
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non zero R-BEEM current is found to be around 0.49 ± 0.02 eV.
Deposition of a thin Au layer on graphene causes it to be hole doped [24]. Hole

doping helps to reduce the in-built electric field across the Gr/n-Si interface. Thus a
non zero BEEM current can be obtained at much lower tip bias voltage. In presence
of the 10 nm Au and Au/Gr interface, directly injected hot electrons get scattered
and the transmission decreases than without the Au layer. In presence of Au, there
can be two channels for the hot electron transmission into the n-Si viz., above the
Au/n-Si barrier and through the Au/Gr/n-Si barrier. Au/n-Si has a Schottky bar-
rier height of 0.8 eV and this is what we exactly observe as the two distinct regions
of hot electron transport which is below and above 0.8 eV. On the other hand, for
the hot hole collection in reverse BEEM, the lower barrier height of 0.3 eV for Au di-
rectly with the valence band of Si will have additional advantages. Apart from the
tail of the injected hot hole distribution causing recombination as in Gr/n-Si, now
the top part of the distribution will also contribute. So more number of ballistic hot
holes of lower energy will be directly injected into the valence band of the Si and
as a result the hole current will be now much higher as we have seen in the case of
reverse BEEM.

8.6 Conclusion and Outlook

Graphene/Si interface is considered to be another model Schottky interface because
of the thermal stability and chemically inertness of the two-dimensional (2D) struc-
ture of graphene as the metallic electrode. So far for the Schottky diodes between
several metals and semiconductors, the metal layer has to be couple of mono-layer
thick for conduction and it involves high vacuum deposition system for the fabri-
cation where the interface bonding is much stronger. The charge carriers in such
systems are described by the Schrödinger equation with an effective electron mass
m∗ (for metals as free electron mass). However the formation of Gr/Si interface is
at an ambient condition for both exfoliated and CVD graphene and makes a stable
bonding between carbon (C) and Si. The charge carriers in graphene are massless
Dirac fermions and are described by the Dirac equation with a Fermi velocity VF
≈ 106 m/s. After formation of the interface between graphene and n-Si, electrons
move from the Si to the sp2 hybridized state of the C atoms and in thermal equilib-
rium the Fermi level of both of them matched to provide a rectifying barrier. The
screening length in graphite is about ≈ 0.5 nm, thus for a graphene/Si interface, the
induced electric field in the graphene side is virtually unscreened which is unlike
the case for a standard metal semiconductor interface and provide new insight in
the transport process across the interface.
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In addition to the macroscopic measurements, nanoscale BEEM measurements
are conducted in order to study ballistic transport of hot carriers and to investigate
the SBH at the CVD-Gr/n-Si interfaces. The results are different from conventional
BEEM experiments on a regular M/S interface. The BEEM current showed no scal-
ability (within 1 to 10 nA) and upon reversal of the applied bias (reverse BEEM, or
R-BEEM), electrons are extracted from the conduction band of the semiconductor.
It is unclear whether the necessary E and k requirements for hot electron transport
also hold for a Gr/Si interface. In case of R-BEEM, it is believed that a hole current
is generated by the process of recombination inside the semiconductor. Such sin-
gle layer thinnest metal (graphene) base diode can further be investigated for the
completeness of understanding of Schottky barrier and its applications.
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Summary

W
e are in the age of nanotechnology where individual atoms, single electron
charge and spin are all important for the development of new devices for

the semiconductor industry. It has been fuelled by “Moore’s law” which predicts
that the transistors on a chip will double approximately every 18 months. The cel-
ebrated “Moore’s law” that governs this progress of the semiconductor industry,
has predicted slowing of the above trend by the end of 2013. However, to continue
with this trend further, the International Technology Roadmap for Semiconductors
(ITRS) has proposed the necessity of new materials with new or multiple functional-
ities, along with new methods to study their properties at the nanoscale. Discovery
of scanning tunneling microscopy (STM) had already made a remarkable impact in
the world of atom by atom characterization of conducting materials. Further, the
three electrode extension of STM as used in BEEM, BHEM, BEMM made it possi-
ble for characterization of transistors at the nanoscale, using hot electrons. New
materials like ‘graphene’ have added a further dimension in this context.

Graphene, the two dimensional (2D) single atom thick honeycomb lattice of car-
bon atoms, has emerged as a promising material to investigate electronic transport
of massless Dirac Fermions mimicking relativistic particles. However, the absence
of a band gap in graphene makes it difficult to achieve an OFF state in graphene-
based field effect transistors (FETs). Several alternative graphene transistors have
been proposed, which are based on hot electrons, where the transport is perpendic-
ular to the graphene plane. Devices, integrating graphene with Si can bring new in-
sights into the transport characteristics of electrons when propagating from a mass-
less Dirac system (graphene) to Schrödinger system (Si) with an effective mass.

Spintronics at the nanoscale offers a new paradigm for device operation in the
‘Beyond Moore’ technology. Spintronic, electronic and optoelectronic devices in-
evitably involve the transport of hot carriers. Understanding the fundamental pro-
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cesses involved in hot electron transport and their relaxation are also of relevance in
multidisciplinary research involving chemistry, material science, physics and engi-
neering. Hot electrons are widely used to study several aspects of spin-dependent
transport and to characterize relevant transport parameters and scattering mecha-
nisms in different transition-metal ferromagnets and normal metals in semiconduc-
tor based spintronic devices.

The research work described in this thesis was aimed to understand the hot elec-
tron transport in metallic spin valve and graphene-silicon devices at the nanoscale.
Several kinds of M/S Schottky interfaces viz., polycrystalline Au/Si, highly epi-
taxial NiSi2/Si, highly textured Cu/Si were investigated and used to study spin
transport using the local probing capabilities of the Ballistic Electron Magnetic Mi-
croscopy (BEMM).

An important finding in Chapter 4, is the invariance of the hot electron attenua-
tion length in Ni when measured across an epitaxial and a polycrystalline Schottky
interface.

Hot electron attenuation lengths in NiSi2 for both direct and scattered electrons
are determined and compared in this thesis (Chapter 4). It has been established that
excited hot carriers have a higher attenuation length than the directly injected car-
riers in NiSi2. However, transmission for the excited carriers is found to be much
lower than with the directly injected carriers. Excited carriers are isotropically dis-
tributed and less sensitive to the scattering in the metallic layer.

Both hot electron and hot hole transport across nearly epitaxial Cu/Si interfaces
with n- and p-type Si are studied in Chapter 5. Hot electron and hot hole attenua-
tion length in Cu are found to be equivalent. All four modes of the technique viz.,
BEEM, R-BEEM, BHEM, and R-BHEM are used and a detailed picture of hot carrier
scattering in Cu is presented in this thesis.

We further explore in Chapter 6, spin-dependent hot electron transport in metal-
lic spin valves on highly textured Cu/Si interfaces. We probe unusual features in
spin transport using the local magnetic probing of the BEMM and correlate it with
the local band structure in the underlying semiconductor, Si.

Magnetic imaging of spin transport using such a Schottky interface shows the
formation of 360◦ domain walls. Magnetic resolution demonstrated with such do-
main walls is found to be ∼16 nm. Spin dependent hot electron attenuation length
of spin Majority and spin Minority in NiFe (Py) is also extracted in this chapter.

Spin dependent hot electron transport in 16 nm thick graphite flakes used as
the spacer in a standard spin valve experiment with Cu/n-Si Schottky interface are
demonstrated in Chapter 7. We measured almost no loss of spin information of the
hot electron transport through the graphite nanostructure.

Finally in Chapter 8, we explore hot electron transport across a novel Schottky
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interface of graphene on Si. Rectifying graphene/Si interfaces are fabricated with
both exfoliated and CVD graphene and investigated with macroscopic I-V studies,
at room temperature, confirmed the rectification to be higher (> 106) for exfoliated-
graphene devices than for the CVD-graphene devices (> 104). Nanoscale hot elec-
tron transport investigated with CVD-graphene reveal unique transport character-
istics, not observed earlier in standard metal/n-Si interfaces. Collection of hot holes
in the reverse BEEM with n-Si reveals that the ‘Auger-like’ process is less efficient in
this material at these energies.

The results presented in this thesis give new insights into both spin-independent
and spin-dependent hot electrons scattering and their transport in three electrode
transistor configurations. The obtained experimental results of direct and excited
carriers will be very useful to develop theoretical models for further studies. The
Gr/Si interface which is investigated in the last chapter of this thesis, is considered
to be very unique with several new phenomena yet unexplored. The technique used
in this thesis can be used for a great number of interesting experiments. This will
remain to be an important tool for nanoscale characterization of macroscale devices;
an important prerequisite for fabricating and studying solid state devices for diverse
applications.





Samenvatting

I
n het huidige tijd perk van nanotechnologie zijn individuele atomen, de lading en
spin van enkele elektronen van groot belang voor de ontwikkeling van nieuwe de-

vices voor de halfgeleider industrie. De industrie wordt gedreven door “de wet van
Moore”, welke voorspelt dat het aantal transistoren op een chip elke 18 maanden
verdubbelt. Deze alom erkende wet, die een maat is voor de ontwikkelingen bin-
nen de halfgeleider industrie, voorspelt dat deze trend afneemt tegen het einde van
2013. Om de trend toch door te zetten heeft de International Technology Roadmap
for Semiconductors (ITRS) haar pijlen gericht op nieuwe materialen met nieuwe of
meerdere functionaliteiten, tezamen met nieuwe methodes om de eigenschappen te
onderzoeken op de nanoschaal. De ontdekking van de scanning tunneling micro-
scope (STM) heeft al een grote impact gehad op de karakterisering van geleidende
materialen, met een resolutie tot op dat van een enkel atoom. Daarnaast kan de
STM, met een toevoeging van derde elektrode, getransformeerd worden tot BEEM,
BHEM, BEMM. Deze techniken maken het mogelijk om met hete elektronen transis-
tor te karakteriseren op de nanoschaal. Nieuwe materialen, zoals ‘grafeen’, voegen
in deze context nog een extra dimensie toe.

Grafeen, een twee-dimensionaal (2D) materiaal gemaakt van één laag koolstofa-
tomen welke gerangschikt zijn in een honingraat structuur, blijkt een veelbelovend
materiaal voor onderzoek naar elektronisch transport van massaloze Dirac Fermio-
nen, welke relativistische deeltjes imiteren. Echter, het ontbreken van een bandkloof
in grafeen maakt het lastig om een UIT stand te bewerkstelligen in veldeffecttran-
sistors (FETs) gebaseerd op grafeen. Enkele alternatieve grafeen transistoren zijn
bedacht, gebaseerd op hete elektronen, waar het elektron transport plaatsvindt in
de richting loodrecht op het grafeen. Devices die grafeen met Si combineren bren-
gen nieuwe inzichten over de transport karakteristieken van elektronen, wanneer
deze vanuit een massaloos Dirac systeem (grafeen) naar een Schrödinger systeem
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(Si), met een effectieve massa, gaan.
De spintronika op de nanoschaal biedt ons nieuwe mogelijkheden voor devices

van de ‘Beyond Moore’ technologie. Spintronische, elektronische en optoelektro-
nische devices brengen noodzakelijkerwijs het transport van hete elektronen met
zich mee. Het doorgronden van de fundamentele processen die betrokken zijn bij
heet elektronen transport en de relaxatie is ook van waarde in multidisciplinair
onderzoek, waaronder de scheikunde, materiaalkunde, natuurkunde en techniek.
Hete elektronen worden vaak gebruikt om verschillende aspecten te bestuderen van
spin-afhankelijk transport en om de relevante transport parameters en verstrooiing
mechanismes te karakteriseren in verschillende transitie-metaal ferromagneten en
normale metalen in spintronika devices gebaseerd op halfgeleiders.

Het onderzoek beschreven in dit proefschrift heeft als doel het doorgronden
van heet elektron transport in metallische spin valves en grafeen-silicium devices
op de nanoschaal. Enkele M/S Schottky grensvlakken waaronder: polykristallijn
Au/Si, hoog epitaxiaal NiSi2/Si en uiterst gestructureerd Cu/Si zijn onderzocht
en gebruikt om spin transport te bestuderen, daarbij gebruikmakend van de lokale
meet technieken van Ballistic Electron Magnetic Microscopy (BEMM).

Een belangrijke bevinding in hoofdstuk 4, is de invariantie van de hete elek-
tron attenuatie lengte in Ni wanneer deze gemeten werd in een epitaxiaal en een
polykristallijn Schottky grensvlak.

Hete elektron verzwakkingslengte in NiSi2 voor zowel directe als verstrooide
elektronen worden bepaald en vergeleken in dit proefschrift (hoofdstuk 4). Hier
wordt vastgesteld dat geëxciteerde hete ladingsdragers een groetere attenuatie lengte
hebben dan direct geı̈njecteerde ladingsdragers in NiSi2. Echter, de transmissie van
geëxciteerde hete elektronen is veel lager dan voor direct geı̈njecteerde ladings-
dragers. Geëxciteerde ladingsdragers zijn isotroop verdeeld en minder gevoelig
voor verstrooiing in het metaal.

Zowel heet elektron transport alsmede heet elektrongat transport door grensvla-
kken van bijna epitaxiaal Cu/Si met n- en p-type Si worden bestudeerd in hoofdstuk
5. Hier wordt vastgesteld dat de verzwakkingslengte van hete elektronen en hete
elektrongaten in Cu gelijk is. Alle vier meetmethodes, dat wil zeggen: BEEM, R-
BEEM, BHEM, en R-BHEM, worden gebruikt om een gedetailleerd beeld te schetsen
van de verstrooiing van hete ladingsdragers in Cu.

In hoofdstuk 6 wordt spin-afhankelijk heet elektron transport in metallische spin
valves, op het grensvlak van uiterst gestructureerd Cu/Si verder onderzocht. We
meten ongebruikelijke kenmerken in het spin transport, gebruikmakend van de
lokale magnetische meettechniek BEMM, en correleren dit met de lokale bandstruc-
tuur van de onderliggende halfgeleider Si.

De magnetische beeldvorming van spin transport, waarbij gebruik wordt gemaa-
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kt van Schottky grensvlakken, laat de formatie van 360◦ domein muren zien. De
magnetische resolutie van de gemeten domein muren wordt vastgesteld op∼16 nm.
Daarnaast wordt de spin-afhankelijke hete elektronen attenuatielengte van spin-
meerderheid en spin-minderheid elektronen in NiFe (Py) gemeten in dit hoofdstuk.

Spin afhankelijk heet elektron transport in een standaard spin valve experiment
met Cu/n-Si Schottky grensvlakken, waarbij 16 nm dikke grafiet vlokken worden
ingevoegd tussen de lagen, staat beschreven in hoofdstuk 7. We meten hier bijna
geen verlies van spin informatie van het transport van hete elektronen door de
grafiet nanolaag.

Tot slot in hoofdstuk 8, onderzoeken we heet elektron transport door een Schot-
tky grensvlak welke gevormd wordt door grafeen op Si. Sperrende grafeen/Si
grensvlakken zijn gemaakt met geëxfolieerd grafeen alsmede met CVD grafeen en
onderzocht met macroscopische I-V metingen op kamertemperatuur, welke bevesti-
gen dat devices van geëxfolieerd grafeen een hogere aan/uit waarde hebben (> 106)
dan devices gebaseerd op CVD grafeen (> 104). Nanoschaal heet elektronen trans-
port op CVD grafeen laat unieke transport eigenschappen zien, die niet eerder zijn
waargenomen in standaard metaal/n-Si grensvlakken. Het verzamelen van hete
elektrongaten in reverse-BEEM met n-Si laat zien dat de ‘Auger-achtige’ processen
minder efficiënt zijn in dit materiaal met deze energieën.

De resultaten gepresenteerd in dit proefschrift laten nieuwe inzichten zien in
spin-onafhankelijke en spin-afhankelijke hete elektron verstrooiing en hun transport
eigenschappen in een transistor configuratie met drie elektrodes. De verkregen ex-
perimentele resultaten van directe en geëxciteerde ladingsdragers is belangrijk voor
de verdere ontwikkeling van theoretische modellen en aanvullende experimenten.
Het onderzochte Gr/Si grensvlak in het laatste hoofdstuk van dit proefschrift wordt
beschouwd als uniek, met niet eerder onderzochte nieuwe fenomenen. De techniek
die in dit proefschrift wordt toegepast kan verder gebruikt worden voor een groot
aantal interessante experimenten. Deze techniek zal een belangrijk gereedschap bli-
jven voor de nanoschaal karakterisering van macroschaal devices; een belangrijke
vereiste voor het fabriceren en bestuderen van vaste stof devices voor diverse appli-
caties.
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