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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.
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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
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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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