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Abstract
Multilayered structures consisting of thin magnetic layers, sandwiched by non-magnetic
metallic layers, show aso called giant magneto resistance or GMR-effect [1]. This effect
entails a changing of conductivity through such a sample, when the relative orientation of the
magnetization of two neighboring layers switches from parallel to anti-parallel. Scattering
effects inside the different layers and at the interfaces, which affect the spin-electron
transport, play a key role in the resulting GMR-effect.
To investigate scattering processes in thin layered systems, a new method named Ballistic
Electron Bruission Microscopy (BEEM), based on Scanning Tunneling Microscopy (STM),
has been proposed in this thesis. BEEM, developed more than 10 years ago for the
investigation of buried interfaces [2-4], can also be used to characterize scattering processes
inside multilayered systems.
Using a home-built STM/BEEM-setup, thin gold layers on a silicon substrate have been
investigated. Also more complicated multilayered structures, consisting of a nickel film with
different thicknesses (I 0, 30 and 50 Á) sandwiched by two gold layers, have been
characterized. lt has been shown that the presence of gold is necessary to create a well
defined surface and to have a close to ideal Schottky-barrier at the silicon interface.
With this technique several physical results have been obtained. The height of the
Schottky-barrier has been measured in the different samples and found to be in agreement
with publisbed results [2,5]. Spatial distribution of the BEEM-cunent (BEEM-image) has
been obtained simultaneously with the surface relief (STM-image). Comparison of the STM
and BEEM images showed correlation between the granular structure of the surface and
modulation of the BEEM-current. The mean free path for hot electrans in the top gold-layer
has been calculated from the collected images: 3.5±1.1 nm. An analysis of the contribution of
volume and interface scattering has been carried out. Additional nickel interfaces did not
show the expected influence on the transmission of hot electrons. This is probably due to
large uncertainties in the sample preparation.
In this thesis it has been shown that BEEM is a proruising new technique to investigate
electron transport in magnetic multilayers on a local scale.
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1. Introduetion
This chapter first gives an introduetion to the field of magnetic multilayers, after which
possible implementations of these structures in electronic devices will be discussed. At the
end of this chapter a description of the topics and a more in-depth view of the scientific goals
of this thesis will be given.

1.1 Magnetic multilayers
Today' s electranies are based on the fact that electrans have charge. By changing
physical parameters which have influence on this charge, the electrans themselves can be
influenced and this is the basis of all electronic devices. However besides charge, electrans
also exhibitanother property, namely spin.
Electronic currents can be thought of as being composed of two independent current
flows consisting of spin up and spin down electrons. In today' s electron ie circuits no
difference is made between these two electrons, because their corresponding currents are
equal. However, in ferro-magnetic materials the densities of spin up and spin down electrans
are not equal, which results in a spin-polarization of the current and an intrinsic magnetic
moment of the materiaL Electrans that conduct through such a material scatter differently for
the case of electrans with spin paraHel and spin antiparaHel to the magnetization. This gives
rise to different resistances for different spin orientations.
With the advent of new deposition techniques it became possible to fabricate multilayers
with Jayer thicknesses in the order of nanometers that were able to distinguish between the
two spin states of the electrons.
F

N

F
spint

spin~

(a)

spin~

(b)

Fifmre 1.1: Schematic drawing of the scattering processes in a ferro-magnetic
(F), non magnetic (N), ferro-magnetic (F) multilayer (GMR structure) for (a)
parallel magnetization and for (b) anti-parallel magnetization. Scattering
processes are denoted by a kink in the movement path of the electrons. The total
resistance is higher in the anti-parallel magnetization than in the parallel
magnetization case. The thick arrows inside the layers represem the
magnetization ofthe respective layers.
It was discovered that a nonmagnetic metallayer sandwiched between two ferro-magnetic
layers shows a difference in conduction when the two magnetic Jayers were magnetized
parallel and anti-paraHeL Th is is called the Giant Magneto Resistance (GMR) effect [I]. As
can be seen in figure I .I, the current can be thought of as two parallel currents of spin up and
spin down electrons. When the two magnetic layers are magnetized parallel, one of the spin
directions flows through the sample, almast without scattering, while the other spin direction
scatters in both magnetic layers. If the two magnetic layers are magnetized anti-parallel, bath
spin directions suffer equally from scattering processes. By regarding the total resistance of
the layers as being composed of two parallel resistance channels forspin up and spin down
electrons, one can see that the total resistance of the multilayer system is smaller in the case
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of parallel magnetization (a) than in the case of anti-parallel magnetization (b) of the
magnetic layers.
Instead of the non-magnetic metal layer between the two ferro-magnetic layers, also an
insulating layer can be used. The structure is then called a magnetic tunnel junction. This
multilayer structure also shows variations in its conductance upon changes in the relative
magnetization of the two magnetic layers. The underlying principle however is not spindependent scattering as in the case of a GMR-structure, but spin-dependent tunneling.
The tunnel probability depends on the density of states of both electrades (see paragraph
2.1.3). For a ferro-magnetic material the density of states at the fermi-level is different for
different spin orientations, which is the result of the exchange splitting in the ferro-magnetic
materiaL This means that the tunnel probability for spin up and spin down electrans is not
equal. In the same way as described for the GMR effect, two parallel channels of electrans
with spin up and spin down can be regarded, whose tunneling probability depends on the spin
orientation relative to the magnetization. This resu1ts in a conductance change when the
relative orientation of the magnetizations of the two magnetic layers is varied. This change of
conductance is referred to as the Tunnel Magneto Resistance or TMR effect [ 1].

1.2 Technology Assessment
Magnetic recording has for a long time been the primary medium for large scale data
storage. Today' s and future applications continuously require larger and faster data starage
and retrieval. The area! density for data starage has shown a growth of 60 % per year since
1991 [6]. To be able to continuously increase this area! density, while still being able to read
out the data with a good signa! to noise ratio, new techniques will have to be used.
Since GMR and TMR structures show considerable variations in their electrooie
behaviour (conductivity) with a changing magnetic field, these multilayer systems are perfect
candidates for future read heads and other magnetic field sensors [6]. Already a commercially
available harddisk based on the GMR-effect has been introduced in 1998 by IBM.
Apart from the application as a read head, GMR and TMR structures can also be used as
non-volatile Magnetic Random Access Memories or MRAMs. Such memories have the
advantage that the stored information is maintained even without the presence of electrical
power. Other applications for these magneto resistive structures include magnetic field
sensors for the automotive industry, where they have the advantage of high sensitivity and
their resistivity against contamination, in contrast to optica! sensors.
To be able to use these magneto resistive structures with full potential, a complete
understanding of their electrical and magnetic behaviour has to be gathered. In this thesis a
relatively new technique is presented, with which the local electrical behaviour of these
structures can be investigated down to a length scale of nanometers.

1.3 This thesis
Because of the fact that the integral characteristics of GMR and especially TMR
structures are influenced by local variations in layer structure, it is important to have
knowledge of the behaviour of these multi1ayers on a local scale. A Scanning Tunneling
Microscope or STM is an useful instrument to give structural and electrical information on
these multilayers on a nanometer scale. However, a STM can only look at swfaces. To gather
information on buried layers or interfaces different technigues have to be used. One of the
few available technigues is Ballistic Electron Emission Microscopy (BEEM), which has the
advantage that electrical and structural information can be gathered on buried layers and
interfaces with a resolution that is camparabie to that of STM. So in principle BEEM can be
considered as a good candidate to investigate GMR and TMR structures.
In this thesis the development of a STM/BEEM setup is discussed and initia!
measurements on layered systems will be presented. In chapter two a theoretica! and
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teehoical background will be given on STM and BEEM. After that in chapter three the
development of an initial STM-setup is discussed and results will be presented. The
modifications for implementation of BEEM experiments and results on different layer
compositions will be given in chapter four. At the end the conclusions and an outlook for
future investigation are presented in chapter five.
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2. Theoretica} and technical background
Ballistic electron emission microscopy (BEEM) is essentially an expansion of scanning
tunneling microscopy (STM). So in order to fully understand the principles of BEEM, first
all subjects related to STM should be understood. Therefore in this chapter first the
principles, theory and techniques of STM will be discussed, before a theoretica! explanation
on additional subjects concerning BEEM will be given. At the end of this chapter some
background on the investigation of magnetic multilayers with the use of BEEM will be
discussed.

2.1 Scanning tunneling microscopy
2.1.1 Introduetion
Since the invention in 1982 by Binnig and his coworkers [7], the scanning tunneling
microscope has been successfully employed in a large number of fields. The reason for its
huge impact is the fact that three-dimensional, reai-space images of surfaces at high spatial
resolution can be obtained.
In contrast to other surface characterization techniques (for example electron
microscopy), STM is a relatively simple technique that does not need special sample
preparation, nor can only work under vacuum conditions and does not damage the surface
itself.
In the following paragraphs the underlying principles and techniques of STM will be
further discussed.

2.1.2 Basic principles
Scanning tunneling microscopy is a technique with which surfaces can be imaged with
very high resolution: =I Á resolution in the lateral direction and =0.01 Á resolution in the
direction normal to the surface.
The physical principle behind STM is quantummechanical tunneling through a potential
harrier between two conducting electrodes [5,8]. Since the magnitude of this tunneling
process depends very strongly on the thickness of the harrier, the separation between the two
electrodes can be measured with very high precision. In a STM these two electrades are
replaced by a sharp tip and a flat surface which is to be investigated. By using a sharp tip
with a small radius of curvature as one of the electrodes, the contribution to the tunneling
process of the atoms ciosest to the sample is dominant over the contribution of all other
atoms of the tip. In this way, the area to which tunneling occurs is welllocalized.
When the tip and the surface are brought to within =5 Á of each other, the wavefunctions
of the electrans at the outermost atoms of the two electrades will overlap. When a bias
voltage is applied between the tip and the sample a quantummechanical tunnel current wiJl
flow between the two electrodes. By measuring this tunnel current at different positions on
the surface of the sample, an image of the tunnel current can be gathered. Because the tunnel
CUlTent depends very strongly on the distance between the tip and the surface, also a
topographic image of the surface can be recorded. Also, by varying the bias voltage while
measuring the tunnel current, local information of the electronic stmcture or density of states
of the sample can be extracted.

2.1.3 Theory oftwuzeling
According to quantummechanics, an electron can be described as a wave-ftmetion 'f'(r,t),
which consists of both a time-dependent and a coordinate-dependent function. The state in
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which the coordinate-part of such a wave-function can occur can, in one-dimension, be
described by the one-dimensional, time-independent Schrödinger equation [9]:

-

n2

cf\f'(x)
,
+ V'(x)\f'(x) = PI'(x),
2m d-x

(2.1)

n

where
represents Planck's constant, m the mass of the electron, V'(x) its potential and
E its energy.
With a STM there is a vacuum harrier between two electrodes: the tip and the sample.
When the two electrades are brought very close to each other, their respective fermi-levels
are (at therrnodynamical equilibrium) at the same height. By applying a voltage across the
harrier, the two electrades will differ by this amount of energy. Th is can he seen in figure 2.1.

x

\TV
(a)

(b)

tip

vacuum

sample

tip

vacuum

sample

Figure 2.1: Schematic representation of the tip!vacuum-barrierlsample system:
(a) Energy-diagram and (b) representation of the wavefunctions in each part,
showing the exponential decay of the tunnel current in the vacuum barrier. With
E: energy of electron, E,.ac: vacuum energy level, EF: energy of Fermi-level,
V'(x): potenfiat of electron, d: thickness of vacuum harrier, V: applied bias
voltage, cjJ: effective harrier height for electrans with energy E, and cjJ 1 and cjJ2 :
H'orkfunctions of electrades 1 and 2.
For an electron wave incident from the left, the salution to the ahove Schrödinger
equation inside the vacuum harrier can be given by the following equation:

\f'(x) = Ae -Kr +BeK',
where A and B are constunts and

I(

(2.2)

is given by:

(2.3)
here E represents the energy of the state of the electron and V'(x) the potential inside the
harrier. Equations 2.2 and 2.3 are correct for a rectangular potential harrier. So with the use
of these two equations it is assumed that V«<j> (the applied bias voltage is much smaller than
the effective barrier height) and as such V'(x) can be considered constant inside the harrier.
With the further restrietion that l(d» I (the harrier thickness is large compared to the
wavelength of the electron), this leads to a transmission probability for an electron wave
incident on such a barrier that can be given by [9]:

Toe e-"'i',

(2.4)
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where d represents the thickness of the harrier. Consictering again figure 2.1, one can see
that the quantity (V'(x)-E) equals the effective harrier height cp for an incident electron-wave
with energy E. Also, only electrans within V of the Fermi-level of the tip can contribute to the
tunneling process, because of the Pauli-exclusion-principle [9]: electrans with energy higher
than V are not present on either side of the harrier, for electrans with energy lower than V,
there are no empty states in the second electrode to tunnel to.
Bes ides the transmission probability, the tunnel current also depends on the density of
states D( E) multiplied by the Fermi-Dirac function f( E) for the electrans of the outermost
atoms of the tip and the sample (see figure 2.2).
f(E)

(a)

D(E)

D(E) À

(b)

(c)

Figure 2.2: Grapi1S of (a) Fermi-function at zero temperafure (T=O) and at a
higher temperature (T>O ), ( h) density of stafes for a free-electron gas mul ( c)
density of states fora non free-electron gas [ 10 ].

Taken all these things into account, the tunnel current can be described as a convolution
between the occupied electron states of the tip and the unoccupied electron states of the
sample [5]:

where T represents the tunneling probability, D, (t:).f, (E) the density of available tunnel
electrans in electrode I (the tip) and D 2 (t: + V)[l- f 2 (E

+V)] the density of available

statesin electrode 2 (the sample).
So by combining equations 2.3 and 2.4 and simplifying equation 2.5, the transmission
probability of an incident electron-wave or effectively the tunnel-current can be given by
equation 2.6:

I

oe

p,p,.e

(-Cel~ )'i)

,

(2.6)

where p, represent the density of tunneling electrans m the tip, p,. the density of
unoccupied states in the sample, C a proportionality factor, d the barrier thickness and C/> the
effective local batTier height.
So only when the tip is an ideal free-electron gas and all the atoms at the surface of the
sample are identical and thus have the same local density of states (LDOS), the recorded
STM image can be interpreted as a topographic image of the atomie structure of the surface
of the sample. When for example two neighboring atoms on the surface have different LDOS,
they also introduce a different tunnel current, which shows up in the topographical image as a
protrusion or a depression [5].
Besides the above discussion on interpreting STM-images, there is also the issue that the
two atoms, between which tunneling occurs, are not isolated but surrounded by a large
amount of other atoms, which also contribute to the actual tip-sample interaction. The
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problem is that macroscopie and microscopie concepts have to be joined to completely
understand the interaction between the tip and the sample. Several different theories have
been developed to describe this interaction. For example, Tersoff and Hamann [ 11, 12]
developed a theory based on perturbation theory, using explicit expressions for the
wavefunctions of the tip and the sample. Chen [13,14] used first-principles calculation to
de vel op a model on the microscopie structure of the outermost atoms of the tip.
One should understand that the expressions derived in this paragraph are only valid under
ideal circumstances. In practice, the current between the tip and the sample depends on many
macroscopie and microscopie factors, which cannot all be included in a single theory. It
should therefore be expected that under some circumstances, the tunnelcurrent can behave
differently than expected.

2.1.4 Modes of operation
A scanning tunneling microscope has several different regimes in which measurements
can be performed. It can be used as an imaging device as wel! as a measurement tooi for the
determination of physical parameters. An image of the surface can be generated in two
different ways: the "constant height" mode and the "constant current" mode.
In the so-called "constant height" mode the height of the tip is held constant and the
current is measured at each position while the tip scans across the surface. In this way an
image of the tunnel current is measured. In spite of the possibility to scan vary rapidly in this
scan mode, the methad has the disadvantage that only very flat surfaces can be imaged,
because otherwise one might crash the tip into some surface protrusion.
The more frequently used "constant current" mode has the advantage that topographic
information is directly extracted from the surface. In this mode a feedback system controls
the height of the tip above the surface such that the detected tunnel current is constant. So
essentially the tip is rnaving at a constant separation above the surface. In this mode, the
height of the tip is recorded and it represents a topographical image of the surface on an
atomie scale. Disadvantages of this last mode is that the scan-speed is limited by the
bandwidth of the feedback system and only at small scan speeds the theoretica! constant
current can be approached. Also increasing the bandwidth of the feedback system can have
negative influence on the stability of the tip, i.e. high frequency noise can lead to unwanted
tip oscillations.
It is also possible to measure the tunneling current at a single tip position, while sweeping
the bias voltage (for example from -2 V to 2 V) with the feedback loop turned off. In this
way spectroscopie information on the local density of states of the sample can be
investigated. By camparing spectra taken at different atomie positions, a distinction can be
made between atoms of different materials.
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2.1.5 Technica[ design of STM
The simplicity of the concept of STM is also reflected in its technica! design. In figure
2.3 the heart of a STM is depicted.

Feedback

tipQQOO

yoooooooooooo
Sample

I

Figure 2.3: A schematic representation ofthe scanning assembly of a STM. X, Y
and Z represent the three piezo ceramic elements which, tagether with the tip,
gather the topographic informationfrom the sample.
The essential parts of the STM are the tunneling tip and the piezo ceramic elements.
These two elements gather the topographic information. This information is then supplied to
the electranies that ultimately produces an image. Other technica! considerations to be made
are the mechanism for coarse approach and the isolation of the STM from vibrations. In this
paragraph these elements wiJl be discussed.
Tunneling tip
The shape and chemica! composttiOn of the tunneling tip ultimately determines the
stability and scanning resolution of the tip. From equation 2.6 it can be calculated that the
tunnel current decreases al most an order of magnitude if the barrier thickness ( or tunnel gap)
increases by ::o:] À (atomical dimension) [5]. This means that the tunneling occurs
predominantly from the atom or cluster of atoms that are ciosest to the surface (see figure
2.4). The size of this cluster ultimately determines the lateral resolution of the STM.
A theoretica!, ideal tip would be very sharp and come to an end in a single atom through
which the tunneling occurs. Since it is nearly impossible to produce such ideal tips, in
practice the goal in the production of a STM tip is to create a tip containing minitips. One of
these minitips wiJl be ciosest to the surface. If the end of this minitip consists of a single
atom, the tunnel current originating from this atom will be dominant over all other
contributions. Only in this way can the atomie resolution be obtained. The macroscopie or
spherical shape of the tip is al most of no influence on the actual resolution.
tip
minitips ====:__

I

dominant tunneling
contri bution
sample

Firmre 2.4: Schematic drawing of" the area between the STM-tip and the sample.
Tip preparation usual/y yields mini-tips. The main contrilmtion to the tunnel
currentflows through the minitip which is ciosest to the sample.
To produce a tunnel ing tip with a microscopie st meture that satisfies the above
requirements, several techniques can be used. Although it seems very difficult to control the
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microscopie/atomie structure of a tip, several empirica! methods have been shown to work.
The most simple methad is just cutting a piece of Pt or Pt-Ir wire. The most common method
is electrochemical etching of W probes. It is known that with this last method spherically
shaped tipscan be produced [5]. This gives however no certainty on the presence of minitips.
Tips produced with the more simpler first methad of tip preparatien show camparabie and
sametimes even better resolution than tips prepared by etching.
Cleaning of the above-prepared tips can be done in a variety of ways. For example
applying a high bias voltage or heating the tip. Even scanning for a period of time or shortly
touching the surface can clean the tip in such a way that tunneling occurs only through a
single minitip and topographic images with atomie resolution can be produced.
Piezo ceramic elements
To be able to use the high lateral resolution of a STM tip to make images of a surface, the
lateral position of the tip on the surface has to be controlled with an equal high precision.
Piezo ceramic elements are good candidates for such a controlled movement They exhibit a
physical effect which causes their dimensions to change significantly by application of an
applied electric field [ 10].
A natura! occurring material that shows such behaviour is crystalline quartz. For
technica! applications however these elements are usually made of lead zirconate or lead
titanite, with electredes coated on their sides [15]. The physical nature of their behaviour is
piezoelectricity: certain crystals become electrically polarized when stress is applied to them.
This is called the direct piezoelectric effect. When such a crystal is placed in an electric field
it changes its shape: the inverse piezoelectric effect. Piezoelectricity is also exhibited by
ferro-electric crystals. These already have a spontaneous polarization, and the piezoelectric
effect shows up in them as a change in this polarization.
Piezo ceramics are produced by polarizing such a material at an elevated temperature.
The electrical dipoles can then align themselves parallel to the applied field and will keep
this alignment when the material is cooled down. Now when an electric field is applied to the
material the electric dipoles change orientation and a mechanica! strain is introduced in the
materiaL The ratio of mechanica! strain developed to an applied electric field, and the
orientation between the direction of the applied field and the direction of induced strain,
depends on the kind of material and production process used. The relationship between the
magnitude and direction of the applied field, and the induced strain can be characterized by
the piezo electric constants d 11 , d 13 , etc [I 0].
In a STM the piezo elements are usually chosen such that the direction of applied field is
perpendicular to the induced strain. When the three piezo elements are then placed
perpendicular to each other, as can be seen in figure 2.3, the tip can be displaced
independently for the three orthogonal directions. Sametimes also a cylindrical-shaped piezo
element is used for tip displacement This has the advantage that only one element is used
and higher scan speeds can be obtained, but the disadvantage that there is more crosstalk
between the orthogonal directions and that the element is inherently nonlinear.
In a STM the X and Y piezo ceramic elements (see figure 2.3) are subjected to a ramped
voltage in such a way that the tip moves across the surface. The Z piezo is connected to the
feedback system which changes the Iength of the Z piezo in such a way that the tip-sample
separation is constant during scanning (in the "constant current" mode). The voltage that is
applied to the Z piezo in order to keep a constant current is registrated and it is this voltage
that is displayed as a function of position (V,, Vy). In this way a topography image of the
surface under investigation can be recorded.
However, piezo eenunie elements are far from ideal. The dependenee of the length of the
piezo element on the applied voltage is only Iinear in a smal! range. Moreover, if a too high
electrical field is applied to the piezo element the piezo material can be depolarized, losing its
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piezoelectric characteristics. So it is very important to calibrate the material and know the
maximum allowed voltage to be applied. Also, after long range displacement or after
applying a voltage step, the piezos may show effects of creep. That is, they still displace the
tip, even when the applied voltage is constant. This results in distortions of the recorded STM
image. Piezo elements may also show hysteresis effects; that is, the extension corresponding
to a certain applied voltage depends on previous conditions. All these things should be taken
into account when operating a STM.
Electranies
The electranies in a STM setup (in the "constant current" mode) essentially control the
feedback loop and translate the electrooie information to a topography picture. In figure 2.5
theessen ti al parts of the electranies in a STM are displayed.

11
11
11
11

I
1 I/V

converter

11
11

V

re/

-J::.
subtractor

11
11

integrator

I
1

L . - - - - - _JL.-- - - - - JL.- - - - - - - - - '

Figure 2.5: A schematic representation of the electranies of the feedback loop of
a STM. The I/V converter converts and amplifies the tunnel current to a voltage,
from which a reference voltage Vref is subtracted. The dif.ference is then
integrated by the integrator and the result is applied to the Z piezo (Z).
The gap voltage Vhias is connected to the sample, but it can also be connected to the tip.
The tunnel current that results from this gap voltage is converted to a voltage by the 1/V
converter. For this conversion an operational amplifier is used with a very high resistance
between the inverted input and the output, because the tunneling current is in the region of
nanoampères and so a very high amplification is needed. This amplifier must be placed very
close to the actual tip, because any noise that is introduced to the signa! before it reaches the
I/V converter is amplified as well.
A subtractor then subtracts a reference signa) V,.e1 from the output of the I/V converter and
the difference is integrated. This integrated voltage is then applied to the Z piezo element and
causes the tip to retract when the current is too high and approach the sample when the
current is too low. In this way the tip is maintained at a constant separation from the sample.
The voltage that is applied to the Z piezo is recorded by a computer and together with the
voltages applied to the X and Y piezos this is turned into a topography image of the surface
under investigation.
Coarse approach
To bring the tip and sample so close together that a tunneling current can be detected a
mechanism is needed that can bring the sample to within I flm of the tip, so that the sampletip separation is within reach of the Z piezo's range. At the same time this approach
mechanism must have a dynamic range of centimeters, so that the sample can be placed or
removed from a safe position.
Several different technigues can be used for such a coarse approach mechanism. Probably
the most simpte technigue is the use of a mechanica! screw device that bas a large mechanica!
disadvantage incorporated into its design. By making the difference from the fulcrum to the
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sample much smaller than the distance from the fulcrum to the screw, small displacements
can be made with good enough precision [5].
Also a mechanism based on inertia forces is used as well (see appendix A). With this
technique a piezo ceramic plate is placed between the sampleholder and a smooth surface. By
supplying a sawtooth voltage to the piezo ceramic plate in a fast/slow rhythm, due to inertia
farces, the sample can be moved relative to the position of the tip. With this method the
sample can be moved perpendicular as well as parallel to its surface, so besides as a coarse
approach mechanism, this method can also be used to take STM-scans at different positions
on the surface.
Vibration isolation
To practically achieve such a high resolution that individual atoms can be discerned, it is
important that the noise, induced by vibrations, should be smaller than about a tenth of the
desired resolution. In order to isolate the STM setup from vibrations induced by building
vibrations, coupling of acoustic waves induced by machines or simply by people walking by,
a vibration isolation setup must be used. Such a vibration isolation system essentially consists
of several second order mechanica! filters, consisting of mass, spring and damping. The goal
of this filter system is to reduce the resonance frequency of the complete system and damp
the induced oscillations.
A simple salution is to suspend a heavy platform from the ceiling with some springs and
placing the STM setup on top of this platform. Extra damping between the STM and the
platform can be introduced by using a damping magnet or some rubber between the platform
and the STM. Depending on the desired resolution of the STM images, more care has to be
taken in constructing and optimizing the vibration isolation system.

2.2 Ballistic Electron Emission Microscopy
2.2.1 Introduetion
Ballistic Electron Emission Microscopy (BEEM) is a technique based on STM in which
local information on interfaces or buried layers can be extracted. Since interfaces or buried
layers are part of a more complex layer system, it is difficult to extract information from
these buried structures using conventional (mostly surface sensitive) techniques. With the
development of BEEM by Kaiser et al. in I 988 [2-4] it became possible to examine these
interfaces and buried layers with nanometer resolution, only slightly lower than the resolution
ofaSTM.
In the following paragraphs, the underlying principles and techniques of BEEM will be
discussed.

2.2.2 Basic principles
In a BEEM experiment a STM tip is used to inject hot electrons, with energies E-EF > kT,
into a sample. The transmission of these hot electrans through the sample is then
investigated. This transmission depends on the thickness of the layer system as well as on the
presence of interfaces. Samples that can be examined using this BEEM technique have
certain requirements that have to be met. First of all a potential barrier must be present inside
the sample, so that a distinction can be made between hot electrans and thermal electrons.
Secondly a lso the total thickness of the layer system should be of the same order (or less)
than the mean free path of the electrons. Otherwise all hot electrans will scatter inside the
sample and no distinction can be made between the injected and thermal electrons.
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The transmission can be measured as a collector or BEEM ctment at the back of the
sample. Since the transmission of hot electrans is reduced by scattering processes, BEEM is a
technique with which these scattering processes can be examined on a nanometer scale.
The simplest configuration in a HEEM-experiment is a sample which consists of a metal
layer on top of a semiconductor, with the characteristic Schottky-barrier in between (see
figure 2.6). This configuration is hereafter referred to as the classic-BEEM experiment.

.-- Schottky harrier
vacuum
harrier"- '- base
I

·'"'A

(a)

x

- - - -Evat.:

semiconductor

HpV--+-_ ____..j

(b)

tip

vacuum metal
n-type
barrier base semiconductor

Figure 2.6: Schematic drawing of(a) the electrical measurement circuit and (b)
the energy bands in the classic-BEEM experiment. Hot electrans are Îl(jected
into a metal/semiconductor Schottky harrier system. A bias voltage V, in excess
of the intelface Schottky harrier height V8 , is applied between the tip and the
metal base layer. A part of the injected current lsTM wilt cross the Schottky
harrier and can he colleered in the semiconductor as the BEEM-current IBEEM·
Here E,·ac is the vacuum energy, EF the energy of the Fermi-level, Ev the energy
of the valenee band and Ec the energy of the conduction band in the
semi conductor.
In this classic-BEEM configuration, a bias voltage is applied between the tip and the
metallayer in the same way as with STM. The metal layer now serves as system ground and
the tip is always negatively biased with respect to the metal top layer. Due to this bias voltage
electrans will tunnel through the vacuum barrier and enter the metal layer as hot carriers.
Since characteristic attenuation lengths in metals may be hundreds of angstroms [5], some of
these hot electrans may propagate through the sample for a long distance and reach the
interface without scattering. If conservation laws restricting energy and momenturn are
satisfied, these electrans may cross the interface and be measured as a collector cutTent in the
semiconductor: the BEEM-current. Because of the band-bending at the interface between a
me tal and a n-type semiconductor [ 10], these collected electrans are accelerated away from
the interface and have as such only a small probability to scatter back into the metal layer.
The BEEM current !sEEM can be represented as a combined function of the transmission
through the different layers Ttaren and interfaces Tillferfiln·r·

I BEEM =T.layers ·Tmtet."faces
. ·

(2.7)

The energy dependenee of the combined transmission can be extracted by changing the
energy of the injected electrans (by changing the applied bias voltage), and measuring the
collected current !HEEM· This spectroscopie technique is also referred to as Ballistic Electron
Emission Spectroscopy (BEES).
By keeping the energy of the injected electrans constant, and measuring the collected
current while the tip scans across the surface (in the constant ctment mode), the combined
transmission can be measured as a function of position. This last measuring technique is the
real Ballistic Electron Emission Microscopy (BEEM) technique.
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2.2.3 Theory of BEEM
As described in paragraph 2.1.3, electrans tunneling from the tip to the metal base occupy
tip states within a shell of the Fermi sphere between E=EF and E=Er V. The resulting tunnel
current can be described by equation 2.5. A similar expression can be obtained for the
collector current at the silicon. Besides the reduction in BEEM current caused by scattering
processes in the metallayer and at the interface (see equation 2.7), there is another restrietion
on electrans that are allowed to enter the semiconductor. Hot electrans with energy higher
than the Schottky-barrier height can only enter the semiconductor if the parallel component
of the k-vector is conserved [5,8].
When a tunneling electron has energy slightly higher than the Schottky barrier, it should
go from the tip-state at the Fermi-level to the bottorn of the conduction band of the
semiconductor (see figure 2.7).
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(b)
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Fi r:ure 2. 7: Energy diagrams showing the k-vector restrietion at the
metal/semiconductor inteiface: (a) Without applied bias voltage and (b) with
applied bias voltage V ju st above the Schottky harrier. The absolute value of the
k-vector in the tip k, is larger than that in the semiconductor k.,.. This puts a
restrietion on the k-vector of the allowed hot electrons. The electron transport
over the Schottky harrier is indicated with the arrow. With EF: energy of Fermifevel, E": energy of top of valenee band, E,: energy of bottam of conduction
band.
As can beseen in figure (b), the absolute value of the k-vector of the allowed states at the
bottorn of the conduction band in the semiconductor is smaller than the absolute value of the
k-vector at the fermi-level in the tip (k, < k 1). This means that when the parallel component of
the k-vector has to be conserved, only electroos with a small parallel k-vector component are
able to cross the interface. The rest will be reflected back to the base layer. This conservation
of parallel k-vector defines a critica! angle 8, for the acceptance of the electrans into the
semiconductor which is given by [3,5]:

. , e,

Sin-

m, V- V8
m

E,.. +V'

(2.8)
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where m, is the electron effective mass parallel to the interface within the semiconductor,
m is the free-electron mass (in the base layer) and V8 is the potential height of the Schottky

barrier.
For GaAs for example, this critica! angle corresponds to ""6° for electron energies smaller
than 0.3 eV above the Schottky barrier height [5]. For a 100 Á thick base layer, this
corresponds to a spatial resolution of ""1 0 Á. Scattering processes inside the base layer only
decrease the actual collector current, but should have no influence on the spatial resolution.
The collector current or BEEM-current can be expressed by equation 2.9 [3,5]:

Je oeR

00

Emax

Emin

0

I T(êJ I j(ê)dê,dêx,

(2.9)

where R is a factor that represents the attenuation of the injected current due to scattering
processes in the base layer, T is the transmission probability of the vacuum barrier (equation
2.4 ), f( E) is the Fermi-function, E1 and E_, are the energies associated with the transverse and
parallelcomponentsof the k-vector respectively and Enwx and Emin are the energy limits which
take into account the energy and momenturn restrictions for collection inside the
semiconductor [3,5].
Different scattering processes Iike electron-electron scattering or electron-phonon
scattering in the base Iayer contribute to the attenuation of the collected BEEM-current [16].
When one of these scattering processes is dominant, the attenuation factor R can be described
as exponentially dependent on the base layer thickness d:
(2.1 0)

where À is the mean free path for the hot electrans in the base Iayer.

2.2.4 Technica/ considerations for BEEM
For the implementation of BEEM experiments the main goal is to be able to measure the
collector current, which is in the order of picoampères. For this extremely small current a
high amplification factor is needed. This also means that the design considerations which
apply for STM as discussed in paragraph 2.1.5 are even more important in the case of BEEM
measurements. Only in this way can the signa! to noise ratio be sufficient to be able to
measure the small BEEM current.
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Figure 2.8: Schematic diagram of the additional electranies for a BEEM
experiment. With m: metal base layer, se: semiconductor, 11,: collected BEEMcurrent, 1,: stabilized STM-current.
To implement BEEM experiments on a conventional STM-setup, smal! modifications
have to be made. First of all, two cantacts must be made to the sample; one to the metal base
layer and one to the underlying semiconductor. for establishing a ground for the tip bias
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voltage and for collecting the BEEM-current respectively. Secondly, an extra 1/V-converter
has to be placed very close to the sample to amplify the BEEM-current and convert it to a
voltage, which can then be fed to the data-acquisition system. In figure 2.8 a schematic
representation of the additional electranies fora BEEM experiment is given.
The STM-tip, with the use of the Z-piezo and its feedback controller, is used to inject a
constant tunnel-current into the metal base layer. Due to scattering in the base Iayer, only a
fraction of the injected electrans will actually contribute to the BEEM-current. Because the
injected STM-current is already in the nanoampère range, the BEEM-current will be in the
order of picoampères. This means that great care must be taken by the choice of the amplifier
for the BEEM-current and by shielding of the sensitive electranies to ensure a good signa! to
noise ratio.

2.3 Application of BEEM in magnetic structures
2.3.1 Introduetion
Besides the above discussed case of the classic BEEM experiment, also other
configurations can be realized. The only sample requirernents for a BEEM experiment are the
presence of a potential harrier, which is used to distinguish between scattered and nonscattered electrans in the base layer, and the restrietion on the thickness of the base layer,
which should be of the order of the mean free path of the injected electrans (see paragraph
2.2.3). As such, BEEM can also be used to investigate magnetic multilayers, such as GMR
and TMR structures as discussed in chapter one.
Another configuration to investigate hot electron transport in magnetic multilayers is the
so called spin valve transistor. Experiments with this setup have been performed by D. 1.
Monsma et al.[ 17, 18], and K. Mizushima et al. [ 19-21]. In figure 2.9 energy diagrams of their
respective experiments are presented.
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Figure 2.9: Energy diagrams ofthe spin valve transistor, with (a) the setup afD.
1. Monsma et al. [ 17, /8], and (b) the setup of K. Mizushima et al. [ /9-2/]. As a
function of an applied magnetic field, the transport of hot electrans through a
magnetic multilayer can be examined.
In both experiments the transport of hot electrans through a magnetic multilayer is
investigated as a function of an applied magnetic field. Instead of a STM-tip a second
Schottky-barrier (a), or an aluminum/aluminumoxide tunnel harrier (b) is used to inject the
hot electrans into the magnetic multilayer. A metal-semiconductor Schottky harrier is used to
distinguish between scattered and non-scattered electrons. These two setups have the
advantage over BEEM of a si ightly higher collector current, due to a larger area of electron
injection. However disadvantages are that, for both cases, integral characteristics are
measured (no Iocalization of injected electrons), and for (a) no speetral information can be

Investigation of magnetic multilayers with BEEM

18

extracted, due to the inability to change the height of the Schottky barrier (and therefore
change the energy of the injected electrons).

2.3.2 BEEM on GMR structures
In a GMR structure the transport of carriers is determined by scattering at the interfaces
between different magnetically oriented layers, as well as in the layers themselves [I]. Th is
means that electrans with different spin orientations show different scattering behaviour in
such a multilayer. With BEEM a distinction between scattered and non-scattered carriers can
be made, and thus a distinction between electrans with different spin orientations with high
lateral resolution.
In a practical experiment this can be implemenred as follows: a magnetic/nonmagnetic/magnetic multilayer is placed on top of a metal/semiconductor structure. The
magnetic multilayer serves as the base layer in which scattering can occur depending on the
relative magnetic orientations, and the metal/semiconductor interface is the potenrial harrier
to distinguish between scattered and non-scattered electrons. Such a system is schematically
represented in figure 2.10.
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Fif{ure 2.10: Energy diagram of a BEEM experiment on a GMR structure. Hot
electrans are injected into the magnetic/non-magneticlmagnetic layer.
Depending on the relative magnetization of the two magnetic layers, scattering
wilt occur in this multilayer. Non-scaftered electrans that cross the
metal/semiconductor interface can he colleered as the BEEM-current. Here Ew,c
is the vacuum energy, EF the energy of the Fermi-level, E" the energy of the
valenee band, E, the energy of the conduction band in the semiconductor, V the
applied bias voltage between the tip and the multilayer and V 8 the height of the
Schottky harrier.

By applying a bias voltage between the base multilayer and the tip, hot electrans will be
injected into this multi1ayer. When the magnetic moments of the two magnetic layers are
aligned anti-parallel, scattering is much higher than in the case that the magnetic moments of
the two magnetic layers are aligned parallel (see paragraph 1.1 ). When the applied bias
voltage is higher than the Schottky barrier at the metal/semiconductor interface, non-scattered
electrans can be colleered into the semiconductor, and scattered electroos will flow to ground
in the base layer. By changing the relative magnetization of the magnetic layers, local
hysteresis loops can be measured (see figure 2.1l.a). This has been done by T. Kinno, K.
Tanaka, and K. Mizushima [21 ]. Also, by making scans across the surface at constant bias
voltage, the collected BEEM picture represents an image of the relative magnetization of the
magnetic layers on alocal scale (see figure 2.1l.b). First results have been publisbed by W.
H. Rippard and R. A. Buhrman [22].
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Figure 2.11: Examples of BEEM measurements on GMR-structures. With (a) a
local hysteresis loop of the BEEM-current as a fucntion of applied magnetic
field, measured by T. Kinno et al. [21], and (b) a BEEM-image showing areas
with different relative magnetic orientations of the magnetic layers, measured hy
W. H. Rippard et al. [22].

2.3.3 BEEM on TMR structures
In a TMR structure, the barrier that is present between the two magnetic layers can also
be used as an object of investigation in a BEEM experiment. The BEEM technique is then
used to investigate the transmission of the oxide barrier on alocal scale.
In a practical BEEM experiment this can be implemented as a bottorn magnetic layer,
with an insulating oxide layer on top, which serve as the collector and potential harrier
respectively. On top of this layer, a thin magnetic layer is placed, which serves as the base
layer and ground for the applied bias voltage. A schematic representation of this structure is
shown in figure 2.12.

------Eva~.:

tip

vacuum magnetic oxide
barrier
layer
barrier

magnetic
layer

Figure 2.12: Energy diagram of a SEEM-experiment on a TMR-structure. Hot
electrans wil! he injected into the rnagneticlbarrier/magnetic multilayer.
Scattering processes in the top magnetic layer do 1zot contribute to the BEEM
current. The transmission of hot electrans through the oxide harrier depends on
the height and width of the harrier and on the amount of scattering processes
that take place insiele the harrier. This transmission can be influenced hy
applying a secO!zd bias voltage V8 across the oxide harrier. The BEEM cw-rent
is colleeteel at the bottam magnetic layer. Here E""' is the vacuum energy, EF the
energ_v qf" the Fermi-level, V the bias voltage between the tip and the top
magnetic layer mul V8 the bias voltage between the two magnetic layers.

When the applied bias voltage is smaller than the barrier height of the oxide layer, none
of the injected hot electrans will be collected in the bottorn layer (tunneling of hot electrans
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through the oxide harrier can be neglected [23,24]). When the applied bias voltage is larger
than the potential harrier, the hot electrans can enter the oxide harrier and depending on the
transparency of the harrier layer contribute to the collected BEEM current. The transfer of
hot electrans over the potential harrier depends on the height, width and scattering processes
inside the harrier. By applying a second bias voltage V8 between the top and bottorn magnetic
layer, an intemal electric field can be induced in the oxide layer, which influences the harrier
shape and therefore the transmission of hot carriers through the harrier.
Since the injected hot electrans essentially conduct over the oxide harrier, it is not known
how this would relate to the mechanism of spin-dependent tunneling, which is normally
present in a magnetic tunnel junction [1 ]. However, by variatien of the relative magnetization
of the two magnetic layers, or by using a spin-polarized STM to inject spin-polarized
electrans [36], this can be investigated.
By changing the applied bias voltages and measuring the BEEM-current, information on
the transmission of carriers through the oxide harrier can be extracted. Also, by keeping the
bias voltages constant while scanning the tip across the surface, an image of the transmission
of the oxide harrier can be extracted. One should keep in mind ho wever that the harrier is not
a metal/semiconductor harrier and as such the extra k-vector restrietion (see paragraph 2.2.3)
is not present. So although the electrens are still injected in a forward direction by the STMtip, the eventual resolution is lower than in the classic-BEEM or in the GMR-BEEM
experiment.
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3. Scanning Tunneling Microscopy
3.1 Introduetion
In the group Physics ofNanostructures (FNA) at the Teehuical University in Eindhoven
(TUE), an Omicron STM is present which is connected to an ultra high vacuum sample
preparation and characterization system, called EUFORAC. With this ultra high vacuum
STM it is possible to examine surfaces at every stage in the preparation of (magnetic)
multilayers.

(a)

(b)

(c)

(d)

Figure 3.1: STM images of the (001) surface of germanium with different
evverages of iron atoms: (a) clean germanium surface showing different atomie
orientations on different atomie terraces (scale: 25x25 nm), (b) 0.3 A of iron on
the germanium surface showing clusters of iron atoms (scale: 30x30 nm), (c) 1
A of iron on the germanium surface where the atomically structured germanium
can just beseen between the iron clusters (scale: 25x25 nm), (d) surface of a 60
A iron layer on the germanium sample (scale: 100x100 nm).
In tigure 3.1 STM-images ofthe (001) surface of germanium with different coverages of
iron layers can be seen. All these images were produced by the ultra high vacuum (UHV)
STM. From (a) it can be clearly seen that this system can achieve atomie resolution. Since the
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investigation of these surfaces is not the goal of this thesis, the images from tigure 3.1 only
serve as examples ofthe capabilities of a STM, and will not be further discussed.
Also with the use of a lock-in technique spectroscopie measurements can be carried out,
from which information on the density of states of the electrons of the outermost atoms of the
sample can be gathered. An example of such a spectroscopy measurement on a germanium
sample can beseen in tigure 3.2. Reasonable correlation can be seen in the local maxima in
the conductivity between a measured spectrum and a spectrum from literature [25]. Again,
this spectrum will not be further discussed.
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Figure 3.2: A spectroscopy curve of the conductivity (dl/dV) as a function of
bias voltage on the surface of a clean, (001)-oriented germanium sample. With
(a) a spectrum measured with the UHV-STM, and (b) a spectrumfrom literature
[25]. The characteristic bandgap for semiconductors can be clearly seen, as
wel! as peaks which correspond to maxima in the local density of states of
germanium.
Because of the fact that in this thesis the relatively new technique of BEEM is to be
implemented, it will be easier to have a STM system which has easy access and can be
moditied without the risk of darnaging other devices or interfering with other measurements.
For these reasons it has been decided to build a new STM system which operates under
atmospheric conditions and at room-temperature, is simple in technica! design and can
therefore easily be moditied to implement the possibility for BEEM measurements.
In this chapter the construction of the air-STM will be discussed. After this, results on
gold and graphite surfaces will be presented to show the capabilities of this device.

3.2 Construction of an air-S TM
3.2.1 Introduetion
To make the construction of the air-STM as simple as possible, the available electronics
for data-acquisition and drivers for the different piezo ceramic elements have been used from
the Omicron UHV-STM. Also the computer, a SUN-SPARC compatible workstation, will be
used for displaying, enhancement and storage of the collected STM images [26]. The STMhead and sample stage will be designed by ourselves to have much freedom for moditication.
A vibration isolation setup will also have to be built to reduce vibration noise and thus
enhance the resolution of the STM.
In the following paragraphs the construction ofthe different stages ofthe air-STM will be
discussed. At tirst the most important part, the STM head itself, will be described. Then an
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explanation of two coarse approach mechanisms and sample bolders will be given. At the end
the construction ofthe vibration isolation system will be discussed.

3.2.2 The STM-head
The STM-head essentially consists of the three piezo-ceramic elements for positioning
the tip relative to the sample and an amplifier for the first amplification stage of the STMcurrent. In tigure 3.3 a schematic drawing of the STM-head as used in the air-STM is
presented.
pre-amplifier
piezo
drivers
data-acquisition
system
(a)

piezo ceramic tubes

(b)

Figure 3.3: Schematic drawing ofthe STM-head, with (a) front view showing the
different connections and (b) side view showing the different components. The
tunnel current 1/V-converter (operational amplifier OPA 111) is positioned
inside a metal block which serves as electrical screening as wel/ as a rigid
object to hold the three piezo electric elements.
The three piezo ceramic elements are rigidly connected to an aluminum block on one side
and connected to the tip holder on the other side. This tip holder consists of a small hollow
tube which is screened from the high voltages which can be applied to the piezo elements.
This hollow tube is also electrically connected by a screened wire to an IN -converter. This
IN converter consists of an operational amplifier (OPA 111) which amplifies and converts
the STM-current to a voltage. For this a 10 MQ resistance is placed between the inverted
input and the output of the amplifier, which thus has a 10·106 V/A conversion factor. This
voltage is then connected to an additional pre-amplifier before it is fed to the Omicron dataacquisition system.
This pre-amplifier is an additional amplification stage for the tunnel-current, before it
reaches the data-acquisition system. It essentially amplifies the STM current by an additional
factor of two, stahilizes the bias voltage between tip and sample and supplies the power for
the IN converter. For this pre-amplifier a simplified version of the Omicron pre-amplifier is
used. A complete schematic of the electronics of this pre-amplifier is given in appendix B.
The STM-tip is connected to three, orthogonally connected, piezo electric elements. By
letting the Omicron system regulate the applied voltages, the tip can be positioned relative to
the sample surface in three independent directions. If the tunnel-current is measured at each
position on a predetermined area of the surface, a topography scan of this area can be made.
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A more detailed description of the behaviour of the piezo elements and the corresponding
software setup can be found in appendix E.
The tips that were used in all experiments consisted of 0.25 mm thick platinum-iridium
wire (80% Pt, 20% Ir), which was cut at an angle by simple scissors. This resulted, in most
cases, in the presence of mini-tips at the end of the tip. Since these tips were capable of
obtaining atomie resolution (see paragraph 3.3.2) the tip-preparation was never changed. No
additional cleaning has been performed on the tips afterwards.

3.2.3 Sample stage
The sample stage of a STM-setup essentially consistsof a sample holder containing the
surface which is to be investigated and a coarse approach mechanism to transport the sample
towards the tip. The sample holder is also used to supply the electrical contact to the sample.
In figure 3.4 the first designed sample stage is schematically depicted.
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Figure 3.4: Schematic drawing of the jirst designed sample stage of the airSTM, with (a) side view and (b) front view across the dotted fine. The sample
stage consists of an aluminum block with a glass plate on top and the coarse
approach carriage. The sample is mechanically fixed on this carriage. The tip
has access to the sample through a hole in this sample fzxation, which also
serves as electrical screening. In (b) an enlargement of the piezo layer stacking
can be seen, which causes the complete carriage to move depending on the
voltages applied by the coarse approach regulator.
In this first design, which is used for the air-STM, the sample is fixed mechanically to the
sample bolder. This same fixation is also used to make electrical contact to the sample, so
that the bias voltage can be applied to the sample. This bias voltage is applied from the preamplifier (see appendix B).
The coarse approach mechanism is used to transport the sample from a safe distance to
within the range of the z-piezo. For this an additional piezo element is used which is placed
under the sample holder itself. When a sawtooth voltage is applied to this piezo plate, due to
inertia forces the sample holder will move in a slip-stick motion towards or away from the
tip. In appendix A the physical nature of this movement is more elaborately discussed.
Because this same system is used by the UHV-STM, the supplied output voltages from
the SPM regulator can be directly supplied to the piezo element in the air-STM. By letting
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the STM regulator after each coarse approach step extend and retract the z-piezo until it
measures a tunnel current, an automatic approach mechanism is present to bring the sample
to within the tunneling range of the tip.
To be able to conduct BEEM experiments, additional improvements have to be made to
this first sample stage. First of all, a larger carriage is needed, so that the additional
electronics for the BEEM-current amplification (see paragraph 2.2.4) can be positioned close
to the sample and be shielded well from stray electromagnetic fields. Also two separate
contacts, instead of the previous one, have to be made to the sample: one for establishing
ground potential at the base-layer and one for measuring the BEEM-current at the silicon.
To be able to incorporate all these new requirements for the implementation of BEEM
experiments, a second sample stage has been built. A schematic drawing of this second
sample stage is given in figure 3.5.

coarse approach
regulator

z
x

(a)

pre-amplifier:
ground

ceramic plate

BEEM-current
UV-converter

sample

(b)

z-coarse piezo

operational amplifier
for BEEM-current

x-coarse piezo
glass tubes
aJuminurn plates

brass weight
blocks

(c)

Figure 3.5: Schematic drawing ofthe second sample stage with the possibility to
perfarm BEEM measurements. In (a) a side-view is presented which shows the
connections to the coarse piezos for two-dimensional coarse movement of the
sample stage. In (b) the front-side of the sample-stage is presented which shows
the sample itself, fastened to a ceramic plate, and the two connections to the
sample: one for establishing ground potential and one for measuring the BEEMcurrent. In (c) the back-side is presented where all the different parts of the
sample stage are explained.

The carriage now consists of two stages; the upper stage is used for z-coarse
displacement, while the lower stage is used for additional coarse movement in the xdirection, parallel to the sample surface. The sample, the BEEM IN -converter and the
contacts to the sample are all connected to the upper stage.
Coarse displacement of the sample is now realized by sliding glass tubes. In this way the
stability is more guaranteed. In appendix A the coarse movement is explained in a more in-
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depth way. The BEEM IN-converter is placed inside the upper weight block, so that it is
close to the sample and can easily be shielded from stray fields. Also to increase stability and
to not destroy the sample, the sample fixation and the electrical contacts to the sample have
been separated. The sample fixation is now realized by simple gluing the sample onto a
ceramic (isolating) plate. The two contacts to the sample have been realized by additional
contact mechanisms (see paragraph 4.2.3).
The two different sample stages as discussed above both have been used to conduct STM
experiments on different kind of samples.

3.2.4 Vibration isolation system
To reduce acoustically coupled noise and electrical interference, the complete STMsystem, the STM-head, and the sample stage, have been placed in an electrically screened
metal casing. Besides electromagnetic noise contributions, also mechanica} vibrations are a
souree of induced noise. In fact, reducing these mechanica} vibrations is essential for the
working of a STM. Forthese reasons a complete vibration isolation system has been designed
to reduce the influence of mechanica} vibrations.

damping

Figure 3.6: Schematic representation of the vibration isolation system for the
air-STM The metal plates, springs and damping serve as several second order
mechanica! filters to reduce the noise induced by external vibrations. The actual
STM is placed inside the metal casing, so that it is screened from external
electromagnetic stray fields.
In figure 3.6 it can be seen that this vibration isolation system essentially consists of
metal plates, springs and damping in the form of rubber tubes and cotton. In this way several
second order mechanica} filters have been realized to reduce the resonance frequency of the
complete system and damp any external vibrations.
The metal casing consists of two parts: in the upper part the STM-system is positioned,
while in the bottorn part the pre-amplifier is situated, electrically screened from the STMstage itself. In the bottorn part of the casing, a conneetion is made to a cable which connects
all electrical signals from the STM to the SPM regulator. In appendix D all connectors have
been described.
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3.3 Results
With the above described system, STM scans have been carried out on gold samples as
well as on a graphite crystal. In this way the resolution, stability and linearity of the air-STM
could be investigated. The gold samples have been investigated using the first sample stage,
while the graphite crystal is examined with the second sample stage (which is also used for
the BEEM experiments). In this paragraph the different results will be discussed.

3.3.1 Epitaxial (111) gold layers on mica
As a first indication of the performance of the air-STM, several samples of spliced mica
were covered with gold using a thermal evaporation process. Afterwards these gold samples
were annealed at different temperatures. In figure 3.7 several different STM images of the
surface of gold can be seen.

(a)

(b)

(c)

(d)

Figure 3. 7: Several STM-images of the (JIJ) surface of gold on mica; the
samples were annealed afterwards: (a) large scale (1 Xl J.lm) STM image
showing different atomie terraces, (b) smaller scale (200x200 nm) image of
atomie terraces of gold, (c) In the center of this image, indicated by the white
lines, the characteristic triangular shape can just beseen for the (111) surface
of gold (scale: 1xl J.lm) and (d) a sharp edge between two different oriented
terraces (scale: 200x200 nm).
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For the growth of epitaxial (111) gold layers, as can beseen in tigure 3.7, mica, clean
gold, a good vacuum and an afterwards annealing treatment is needed. It is known that gold
forms a (111) surface on spliced mica. Therefore in some of the STM images sharp
boundaries can beseen between two different atomie terraces. For example in (c) a triangular
shape can just be recognized in the center, which is proof of the (111) surface of the
deposited gold.
From the above images, it can be concluded that with our air-STM system, atomically flat
gold terraces can be imaged. To further explore the possibilities of this system and to
characterize its behaviour, graphite crystals will be examined.

3.3.2 (0001) graphite surface
Graphite is the most used testing and calibration sample for atomie resolution STM.
Since naturally occurring graphite single crystals are relatively small and difficult to obtain,
the most widely studied form of graphite by STM is highly oriented pyrolytic graphite
(HOPG).

6.70A

Figure 3.8: Crystal structure of graphite, showing the in-plane lattice constant:
2.46 A and the lattice constant perpendicular to the layers: 6. 70 A. Neighboring
layers are shifted relative to each other, so that half of the carbon atoms have
another carbon atom directly below them and half of the carbon atoms have the
center of a sixfold carbon ring (hollow site) directly below them [8].

In tigure 3.8 the crystal structure of graphite is shown. This structure consists of layers of
carbon atoms in a honeycomb arrangement. The carbon atoms are strongly covalently bonded
to other atoms in the same layer. Different layers are held together by weak van der Waals
forces. As can be seen in tigure 3.8, neighboring layers are shifted relative to each other,
which gives rise to two non-equivalent carbon atom sites within the two-dimensional surface
unit cell: one carbon atom bas a carbon atom directly below it in the next layer, while another
carbon atom is located above the center (hollow site) of the sixfold carbon ring in the layer
below. The distance between two neighboring carbon atoms in the same layer is 1.42 A,
while the in-plane lattice constant equals 2.46 A. The lattice constant perpendicular to the
layers equals 6. 70 A [8].
For testing the air-STM, a fresh (0001) surface bas been prepared by cleaving a HOPGcrystal. This was done by peeling off a few carbon sheets with adhesive tape. After placing
the sample inside the STM, images of the fresh surface could be gathered. In tigure 3.9 a
large scale (400x400 nm) STM-image ofthe surface ofHOPG is presented.Atomie steps and
atomically flat terraces can be clearly seen.
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Figure 3.9: A relatively large scale (400x400 nm) STM height image (a) on the
surface of highly oriented pyrolytic graphite (HOPG). In (b) a cross-section
across the white line can he seen, showing atomie scaled steps (0.6 nm) between
atomically flat terraces.
Besides large scale images, the primary interest is in small scale images, so that a
calibration of the STM can be made, depending on the atomie structure. In figure 3.10 a small
scale (2x2 nm) STM-image is presented, which shows an atomically structured surface.
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Figure 3.10: In (a) a smal/scale (2x2 nm) STM height image ofthe surface of
graphite is presented. Atomie structures can clearly he seen, whose distance to
each other equals the graphite in-plane lattice constant (2.46 A). Across the
white line a cross-section of the surface topography has been made, which can
he seen in (b). The surface shows a corrugation of= 1.5 A. Horizontal lines
which can be seen in (a) correspond to external noise contributions.
From literature [8] it is known that only every other carbon atom appears as a protrusion
in a STM-image. This is known as the "carbon site asymmetry" and is caused by the
difference in neighbors of carbon atoms in the neighboring layers. This is a good example of
how a STM-image (on an atomie scale) can differ from the real surface topography (see
paragraph 2.1.3).
The surface shows a corrugation of "' 1.5 A, which can be measured well with our airSTM. Although the atomie structure is clearly visible in figure 3.10, still some noise
contributions can be seen. The distance between two atomie structures in a STM-image of the
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graphite surface corresponds to the in-plane lattice constant, which equals 2.46 A. The
measured di stances between two protrusions are within 10 to 20 % of this literature value. So
by imaging the HOPG-surface, a calibration has been carried out on the performance of the
piezos ofthe STM-head.
From the previous discussion it can therefore be concluded that the constructed air-STM
is capable of obtaining atomie resolution (tenths of angstroms) in the lateral direction as well
as in the direction perpendicular to the surface.
When making larger scaled scans of an atomically flat surface, such as (0001) graphite,
sametimes strange interference effects can be seen. Such effects originate from the
interference between the regularly ordered atomie structures and the grid of measurement
points ofthe tunnel current. Although these interterenee patterns are generally not the subject
of investigation, some information on the stability of the measurement method can be
extracted from them. In figure 3.11 such a measured interference image can be seen. Because
the atomie structures are regularly oriented, all the variations and instahilities in the
interference image correspond to variati ons in the grid of measurement points and thus in the
position of the tip relative to the sample surface. The fact that such an interference image,
and thus the atomie structures, can be measured over a relatively large area (100x100 nm), is
an indication ofthe performance ofthe air-STM.

Figure 3.11: STM-current image of the surface of graphite (scale: 100x1 00 nm),
showing an interference pattern, originating from the interference between the
regularly ordered atomie structures and the grid of measurement points. From
such an interference image, information on the stability and linearity of the airSTM setup can be extracted.
The fact that the interference pattem in figure 3.11 is not constant means that the grid of
measurement points also is not constant. The changes in the interference image can be caused
by either distortion, rotation or movement of the measurement grid. These effects can have
several origins: the movement of the sample due to non-perfect sample fixation (in this
experiment adhesive tape is used as sample fixation), temperature effects on the sample
fixation as wellas on the surface reconstruction, non-stability ofthe piezos ofthe STM-head,
or other temperature effects and instahilities which can change the position of the tip relative
to the sample surface.
By measuring the change in the frequency of the vertical fringes at approximately 113
from the bottorn of the image, an indication can be given on the linearity of the extension of
the x-piezo. The extension ofthis piezo as a function ofthe applied voltage is shown in figure
3.12.
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Figure 3.12: Graph ofthe extension ofthe x-piezo as ajunetion ofthe applied
voltage. The measurement points originate from the change in frequency of the
vertical fringes in figure 3.11. The line is a linear extension of the first jive
measurement points.
The extension of the x-piezo is within 5 % of the theoretica! (linear) value for an
extension of approximately 100 nm, which corresponds to an applied voltage of:::: 10 V. lt
can therefore be assumed that the distortion of the interference image is largely due to other
effects.

3.4 Conclusions
With the designed air-STM system, images of gold terraces and atomie structures on
HOPG (0001) surfaces can be gathered. From measurements of the graphite surface it has
been shown that a resolution of tenths of angstroms can be obtained. Calibrations have been
carried out and an indication ofthe performance ofthe air-STM has been given. To be able to
carry out BEEM measurements a second sample stage has been built, which has more room
for the additional electronics and contacts. From the experiments described in this chapter it
can be concluded that the built STM-system has good enough stability and resolution for
implementation ofBEEM measurements, which will be discussed in the next chapter.
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4. Ballistic Electron Emission Microscopy
4.1 Introduetion
This chapter will discuss the different Ballistic Electron Emission Microscopy (BEEM)
experiments that have been done with the modified air-STM. First the modification that has
been done on the air-STM to implement BEEM measurements will be discussed. After this
the experimental procedures and preparation of different samples will be described. At the
end of this chapter the results of BEEM experiments on gold-silicon Schottky-barrier systems
as well as BEEM experiments on samples containing magnetic material will be treated.

4.2 Experimental procedures
To be able to conduct BEEM experiments, several experimental issues first have to be
dealt with. The air-STM as described in the previous chapter has been modified, so that the
BEEM-current could be collected and amplified. Due to the extremely small amplitude ofthe
BEEM-current (picoampères), the amplification of this signal is not trivial. Also, because
individual measurements can take quite a long time (several hours), the stability of the
position of the injected current has to be optimized.
BEEM experiments require the total thickness of the sample to be in the same order, or
smaller, than the mean free path for hot electrons. This corresponds to layer thicknesses of
tens of nanometers. So, it can be imagined that contacting such a thin layer, without
contacting the underlying substrate, is quite difficult. Also applying an ohmic contact to the
silicon substrate proved to be non-trivial.
All these experimental issues will be discussed in the following paragraphs.

4.2.1 Modification of air-STM
To be able to measure the BEEM-current, two contacts have to be made to the sample
and an additional amplifier is needed, close to the sample, to convert and amplify the
collected current. Because of the extremely small amplitude of the collected BEEM-current
(picoampères), extra care has to be taken of shielding the signal from extemal noise
influences. The most simple way of collecting the BEEM-current directly has proven to be
unsuccessful, due to large low-frequency noise contributions. Therefore eventually a
modulation technique was used, with which successful BEEM-experiments could be
conducted.
Because of space and stability considerations, the second sample-stage (see figure 3.5) as
discussed in paragraph 3.2.3 will be used. Close to the actual sample, an operational
amplifier is placed, which is used as an IN-converter for the collected BEEM-current. For
this an AD515 operational amplifier is used with a 100 MQ resistor between its inverted
input and output, which realizes a 1·108 V/A transformation factor. This amplifier has very
low input currents (75 fA) and is therefore suitable for measuring the extremely small
BEEM-current [27,28].
Two electrical contacts have been made to the sample, one for establishing ground
potential and one for actually collecting the BEEM-current. To have less influence from
noise contributions of the applied bias voltage, this bias voltage is applied to the tip, while
the sample is held at ground potential. This means however that besides additional
electronics for converting the BEEM-current, also the pre-amplifier for the STM-current has
to be changed. The two different measurement techniques, the direct measurement technique
and the modulation technique will be further discussed below.

33

Investigation of magnetic multilayers with BEEM
Direct-measurement technique

The most simple way to measure the BEEM-current is to directly convert the collected
current to a voltage, which can then be further processed before it enters the Omicron dataacquisition system. In figure 4.1 a schematic description of this direct-measurement
technique is given. The possibility to apply a second bias voltage, to influence the potential
harrier between the gold and silicon, has also been included. The complete electrical
schematics for both the STM and BEEM parts ofthe pre-amplifier are given in appendix C.
After the initial current to voltage transformation in the first amplifier, the BEEM-signal
enters the pre-amplifier which is situated in the bottorn part of the casing, screened from the
STM-head itself. This signa} first enters a subtraeter in which a possible second bias voltage
will be subtracted. The signal then flows to another amplifier which amplifies the signa} 1·1 03
times and also has the possibility to subtract an offset from this value. At the end two second
order filters reduce the noise level of the end signal before it goes to the data-acquisition
system of the Omicron STM.
sample
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BEEM-current
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Figure 4.1: Schematic design of all the parts of the direct BEEM-current
detection scheme. All numbers in the pre-amplifier part correspond to the
numbers as given in the complete electrical schematic in appendix C.
This technique of measuring the BEEM-current directly showed a huge signal, even at
low bias voltages. Also huge oscillations and instahilities were present, even after the first
amplification stage. These effects show that leakage of electrous is present between the gold
layer and the silicon. This leakage can be caused by a non-ideal Schottky-barrier across the
interface through which thermal electrous contribute to the collected BEEM-current. To
minimize these thermal electron contributions, normally the interface area is minimized, or
the measurement is carried out at low temperatures [5,29,30]. In this work a different
technique was used, which enabled us to measure reasonable large samples, even at room
temperature: the modulation-measurement technique.
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Modulation-measurement technigue

The idea bebind the modulation-measurement technique is to shift the frequency of the
injected hot electrons to a region of low speetral density of noise contributions. From the first
direct BEEM-current measurements, a high noise contribution was seen at low frequencies.
This noise contribution can have different origins, including thermal electrons. After
amplifying only the part of the collected current with the same frequency as the injected
current, the current due to hot electrons can be separated from noise contributions at other
frequencies. In this way the signal to noise ratio is essentially increased. Modulation of the
injected current can be accomplished either by modulating the bias voltage or by modulating
the height of the tip above the surface.
Modulation of the bias voltage however causes unwanted side-effects: essentially the
derivative dlldV is measured instead of the current itself, the relation between bias voltage
and tunnel-current is not linear, collection of the BEEM-current at constant bias voltage is
not possible and additional capacitance effects between tip and sample can influence the
injected current.
Modulation of the z-position of the tip can either be done directly, by modulating the
applied voltage to the z-piezo, or by modulating the feedback parameter of the SPM
controller, which in turn modulates the z-piezo. Since the relation between z-position and
injected tunnel-current is not linear, the best metbod is to modulate the feedback parameter
and let the SPM controller modulate the actual tip-height. This last metbod is also used in all
our experiments.
To ensure that always a "positive" injection of hot electrons occurs, an additional offset
has to be applied to the injected current. The injected STM-current canthen be represented
by equation 4.1:
IsrM = IsrM a
'

+ IsrM ' 1 sin(mt),

(4.1)

where IsrM.o represents the offset of the injected STM-current, lsrM. 1 the amplitude of the
modulated part of the injected STM-current and co the modulation frequency. The collected
BEEM-current can then also be represented by a constant (IBEEM.o) and an altemating part
(IBEEM,1):
I BEEM

= I BEEM ' o +IBEEM ' 1 sin(mt) ·

(4.2)

The collected BEEM-current can also be represented as an attenuation of the injected
STM -current:
I BEEM = 1ásrM = KI I srM,o

+ K2 I srM,I sin(mt),

(4.3)

here K1 and K2 represent attenuation factors for the constant and altemating part of the
injected STM-current respectively. If it is assumed that the attenuation factors K1 and K2 are
equal, the total BEEM-current IBEEM can be calculated from the offset and amplitude of the
injected STM-current and the amplitude of the altemating part of the BEEM-current.
However, in this thesis this additional calibration is not carried out and the presented BEEMcurrents all represent the amplitude ofthe altemating part ofthe current IBEEM. 1.
The implementation of this modulation-measurement technique is illustrated in tigure
4.2. An extemal function generator is used to supply a sine wave with adjustable frequency,
offset and amplitude. This sine wave is then used as an extemal reference for the feedbackcurrent inside the SPM controller. The feedback system adjusts the z-position of the tip to
ensure that the injected STM-current follows a sine wave with the chosen frequency. The
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SIM-tip thus oscillates with this same frequency. The original sine wavefunction is also used
as the reference signal fora lock-in amplifier.
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f--------.

L _ __ _ _ _ _ _ _ _ ~

Figure 4.2: A schematic representation of the modulation-measurement
technique for amplification of the collected BEEM-current. The injected STMcurrent is modulated by modulating the feedback parameter of the SPMcontroller, which in turn modulates the z-position of the tip. Only the part of the
BEEM-current which oscillates with the same frequency is amplified.
In the sample stage, a 10 kQ resistor is placed bebind the sample to have a possibility for
any DC-current to leak away to ground. All alternating parts of the collected current conduct
through the 4. 7 J..LF capacitor and gets converted to a voltage by the operational amplifier
(with a 1·108 V/A transformation factor). This amplified voltage-signal is then fed into a
lock-in amplifier which only amplifies the part ofthe signal which bas the same frequency as
the reference signal, and thus the same frequency as the injected STM-current. The signal
then enters the Omicron data-acquisition system, where it can be further analyzed.

4.2.2 Sample preparation
Por the samples which can be investigated using BEEM, several requirements have to be
met by the sample to ensure the possibility of measuring the BEEM-current. First of all a
good harrier bas to be present to distinguish between scattered and non-scattered electrons. If
the interface contains leakage sites, where there is no potential harrier, also scattered
electronscan contribute to the collected current (thermal electrons which flow through these
leakage sites are not correlated to the injected STM-current and are therefore not amplified
by the loek-in). Secondly the base layer should be in the same order, or smaller, as the mean
free path for hot electrons in this layer. In this way, there is a non-zero chance for some
electrons to cross the potential harrier and be collected as a BEEM-current. These sample
requirements have implications on the preparati on of the samples.
Por the classic gold-silicon BEEM system (see paragraph 2.2.2), the presence of a good
harrier means: the use of silicon with the correct resistivity (doping) and an interface between
the gold and the silicon which comes close to the ideal Schottky metal/semiconductor
interface [10]. Por the silicon a (111)-oriented wafer with n-doping, resulting in a resistivity
of 8-12 Ocm is used. This orientation and resistivity of silicon bas been shown in literature to
give good Schottky harrier systems with gold [5,29]. To ensure a good interface between the
gold and the silicon, the silicon surface bas first locally been treated by 8% HF for 3 to 5
minutes. This ensures that all oxides which were present at this area of the surface have been
removed. The part of the sample where no etching bas been performed can be used to make
electrical contact to the deposited layer, without touching the underlying silicon (see
paragraph 4.2.3).
After cleaning the silicon surface with distilled water and drying it under nitrogen flow,
the sample was immediately brought into the vacuum deposition chamber (Edwards auto
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306). After pumping the system down to a pressure of approximately 1·1 o-6 mbar, gold has
been thermally evaporated onto the silicon (deposition rate: "" 2 Als) through an aluminum
mask, which covers the edges of the silicon sample. This ensures that the edges have no
effect on the conductivity of the sample.

4.2.3 Sample and contact fzxation
To ensure stabie electrical contacts to both the gold layer and the silicon, the fixation of
the sample has been separated from the electrical connections to the sample. The application
of electrical contact to the gold-layer has to be done very carefully, to not damage the
interface. When locally an ohmic contact has been realized between the gold and the silicon,
the collected current does not solely consist of the BEEM-current, but also has other
unknown contributions.
For the fixation of the sample itself on the ceramic plate (see figure 3.5) several simple
techniques have been used. Gluing of the backside of the silicon with hobby-glue or double
sided adhesive tape was, although simple in design and easy to remove, not stabie enough to
ensure long-term stability of the sample. Because the BEEM-measurements required the
sample to be stabie during several hours (see paragraph 4.2.4), another solution had to be
used to minimize the effects of drift. Colophonium was found to be a good material for
fixation of the sample. By grinding a piece of colophonium, solving it in acetone and
attaching it to the backside of the silicon, a reliable and stabie way was found to fix the
sample to the ceramic plate.
For application of the sample contacts for ground potential and collection of the BEEMcurrent, several ideas where tried out. The conneetion to the base layer is critica!, because
contact must only be made to the gold surface and nat to the underlying silicon. When an
ohmic contact has been established between ground potential and the silicon, this can
fi.mction as a leakage channel for the collected current and the collected current is not equal
anymore to the actual BEEM current. Because the base layer has a thickness in the order of""
100 angstroms, one can imagine the difficulty in applying the electrical contact for grounding
of this layer. In literature a micromechanism for contacting the gold layer is normally used
[23]. Since our setup does nothave this facility, other methods had to be tried. In figure 4.3
several different techniques that were tried to accomplish electrical contact to the base layer
are presented.
First a simple technique was tried in which a copper wire was just pressed against the
deposed gold layer (a). Although the area where this contact was made was above a nonetched part of the sample, the possibility was still present that the wire pressed through the
insulating Siüx layer and contacted the underlying silicon. By diminishing the applied force
with which the contact was made, another problem occurred. Since copper is natively
covered with a thin oxide layer, only this oxide directly touched the gold, so that no ohmic
contact was realized between the copper wire and the gold layer.
To improve this initial contacting technique, the thickness of the layer at the position
where the electrical contact should occur was increased. This was realized by either
depositing a second thick gold layer as a contact area (b) or applying a photo-resist layer
prior to deposition of the gold (c). By using a second mask to depose the gold-contact area,
the above described problem still occurred. The application of a photo-resist layer did not
work, because the deposed gold layer is much thinner compared to the photo-resist layer.
This resulted in a discontinues gold layer, so that the area where the tip is positioned is not
electrically connected to the part where the gold layer is connected to the copper wire.
Eventually a technique was used which did work. Insteadof a copper wire a 125 J..Lm thick
gold wire, which was rolled to decrease its thickness even more, was used. By gently
touching the gold surface above a non-etched part of the silicon, electrical grounding of the
base layer was accomplished (d). The stability of this contact was however not perfect.
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During several coarse approach movements, the shaking of the carriage could damage the
electrical contact. F or future investigations this contact issue should he more optimized.
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Figure 4.3: Side views of several different techniques that were tried, to apply
electrical contact to the gold-base layer in a BEEM experiment: (a) using a
capper wire which is pressed onto the deposed gold-layer (above a non-etched
part of the SiOx layer), (b) using a second mask to depose an additional gold
contact area, (c) application of an insulating photo-resist layer prior to the gold
deposition and (d) gently contacting with a very thin gold wire.

Application of an ohmic contact to the underlying silicon also proved to he non-trivial. In
literature an ohmic contact is mostly realized by depositing an additionallayer at the backside
ofthe substrate and annealing it afterwards [31,32]. Since in our case, this technique was not
possible, other methods were tried. First, simply connecting a copper wire to the side of the
silicon with silver glue was tried. This however resulted in large resistances if the
conductivity between two such contacts on both sides of a silicon sample was measured. By
cutting off a piece of silicon at one of the edges or scratching the side with a diamond pen,
before applying the silver glue, a conneetion resulted that sometimes worked. Since this
technique is however not reproducible enough, another method for applying contact had to he
found. By putting indium on the sides of the silicon, which were roughened before
application of the indium, good reproducible ohmic contacts could he made. These contacts
should however he made after deposition of the layers, in order to not damage the interface
between substrate and sample [30]. This last method showed to he the most reliable way to
collect the BEEM-current from the silicon substrate.
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4.2.4 Measurement parameters
With the use of the modulation technique as described in paragraph 4.2.1, ballistic
electron emission spectra (BEES) and ballistic electron emission microscopy (BEEM) images
can be measured. Both kind of measurements require the tip to oscillate above a single
position, so that a modulation ofthe injected STM-current can be realized 1•
In theory a high oscillation frequency is favorable, because this means that a certain
amount of oscillation periods per measurement point, which is needed for noise filtration, can
be reached in less time. A complete measurement can then be carried out faster, so that drift
effects can be minimized. Also, since the noise amplitude is higher at low frequencies (see
paragraph 4.2.1 ), it is desirabie to shift the measurement frequency to higher values to
increase the signal to noise ratio.
However, because the injected STM current is not directly modulated, but oscillates due
to a changing feedback parameter, the modulation frequency is limited by the bandwidth of
the Omicron SPM regulator. This bandwidth can be changed by software: by changing the
loop-gain parameter. Since an active feedback-loop is used to change the z-position,
generation can occur at higher frequencies, which leads to unwanted contributions in the tip
oscillation.
Besides the bandwidth of the feedback controller, the STM-current modulation is also
limited by the response of the z-piezo which is connected to the tip. This z-piezo bas a
resonance frequency which is in the order of 0.5-2 kHz, which is smaller than the
characteristic bandwidth of the feedback controller. This means that the piezo element
ultimately puts an upper limit to the frequency which can be used to oscillate the tip and
therefore also to the injected STM-current.

Table 4.1: Summary of the used measurement parameters for the BEEM
experiments on gold-silicon Schottky-barrier samples.
Software parameters
bias-voltage
1.2 V
loop-gain
10 %
scan-speed
6 mnls
scan-area
400 x 400 nm
Function-generator parameters
110 Hz
frequency
amplitude
1.0 V ~ 100 nA
Lock-in parameters
300 ms
time-constant
sensitivity
200 mV
phase
318.2 o
With the measurement setup as discussed in paragraph 4.2.1, a modulation frequency of
110Hz and a loop-gain of 10% bas been chosen. This resulted in an injected STM-current
which is relatively free of noise contributions and is not affected by the filtering of the zpiezo's response. The lock-in amplifier uses a time-constant of 300 ms, so that approximately
30 oscillation periods are averaged. By using the slowest possible scan speed that the
Omicron SPM regulator can supply (with one measurement point per nanometer): ""6 nm/s,
1

It should be realized that only the alternative part ofthe BEEM-current (which is correlated to the
injected STM-current) is actually measured (see paragraph 4.2.1). lt is hereby assumed that this
altemating BEEM-current behaves just as a DC-current, only with varying amplitude. However, nothing
is known of a possible difference in the behaviour between a modulated current and a constant current
of hot electrons.
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approximately 2 grid points in a BEEM-scan correspond toa single measurement point ofthe
BEEM-current itself. Since the expected resolution (see paragraph 2.2) is lower than the
applied grid of measurement points, this is not really a problem. In table 4.1 all above
mentioned measurement parameters are summarized.
BEES measurements can be carried out by sweeping the bias voltage between tip and
sample and measuring the collected BEEM-current while the (average) distance between tip
and sample is held constant (feedback loop on). By holding the tip at a single position above
the sample and repeating the same measurement several times, an averaged spectrum of the
Schottky harrier inside the sample can be obtained.

4.3 Results
BEEM experiments have been carried out on several different samples. First the classic
gold-silicon Schottky harrier system was investigated to examine the possibilities of the
BEEM-setup. Secondly multilayer systems containing magnetic material were investigated.
The results of all these experiments will be presented in this paragraph.

4.3.1 Gold-silicon Schottky harrier system
A 100 A thick gold layer thermally evaporated onto a silicon substrate has been chosen as
a first sample to examine the possibilities of BEEM experiments. Such samples have been
shown in literature to contain good reproducible Schottky harriers [5,29]. The sample was
prepared as described in paragraph 4.2.2. As a contact to the underlying silicon substrate, the
less reproducible silver-glue contact was used.

Figure 4. 4: STM image of the surface of gold in a gold-silicon Schottky harrier
system (scale: 400x400 nm). The sample was not annealed, so the characteristic
gold grains (dimension ~JO nm) can easily he seen. This image was ohtained
under injection of a constant tunnel-current, so no modulation was applied.
After fixing the sample to the ceramic plate with hobby-glue, reproducible STM-images,
showing the characteristic grain-structure of gold, could be obtained (see figure 4.4). The
used deposition technique apparently does not give an ordered gold layer, in contrast to the
deposition of gold on a spliced mica surface. In contrast to the STM-images presented in
figure 3.7 no additional annealing was carried out to smoothen the surface. Such annealing
procedures could contribute to diffusion of the gold into the underlying silicon, which again
could lead to inhomogeneity or even disappearance of the Schottky harrier at the gold-silicon
interface. Besides, the smoothness of the surface is not important for BEEM-experiments. A

40

Investigation of magnetic multilayers with BEEM

rougher surface can even contribute to an easier comparison between STM and BEEM
Images.
On one of these gold-silicon samples, BEES measurements were carried out. The STMtip was positioned at the lower-left corner of the scan-image and, while sweeping the bias
voltage from 0.2 V to 2.5 V with the feedback-loop on, the collected BEEM-current was
measured (see figure 4.5). One hundred of these curves were measured directly after each
other for averaging purposes. Since one hundred of these measurements take roughly one
hour, due to drift effects, the tip will probably not stay at a single position during the
complete measurement. This means that the averaged spectra as seen in figure 4.5 will
represent spectra averaged over a certain area of the sample, possibly even over several
grams.
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Figure 4.5: Ballistic electron emission spectra of a 100 A gold layer on the
(JIJ) surface of silicon. One hundred spectra were measured in succession to
average out noise contributions. The characteristic onset of the REEM-eurrent
above z 0. 8 V can clearly be seen as wel! as the linear dependenee of the BEEM
current on the amplitude of the injected STM-current.. The smal! bump at low
voltages and the saturation of the current at higher voltages are artifacts of the
used measurement technique.

From figure 4.5 the presence of a harrier at the gold-silicon interface can be concluded:
hot electrons with energies below the harrier give no contribution to the BEEM-current,
while hot electrons with energies higher than the potential harrier do contribute to the
collected BEEM-current. The onset of the collected current corresponds to an electron energy
ofroughly 0.8 eV, which corresponds to the height ofthe gold-silicon Schottky-barrier and is
in agreement with values obtained in other gold-silicon BEEM-experiments [2,5,29].
The feature that can be seen at low bias voltage and the saturation of the current at higher
voltages are artifacts, originating from the used measurement technique. At higher bias
voltages ( > 1. 7 V ), the tunnel-gap between the tip and sample-surface becomes increasingly
more unstable. This is caused by the fact that the used STM/BEEM setup operates under
atmospheric conditions and therefore the ideal vacuum harrier as described in paragraph 2.1.3
is not present. Instead a harrier with a much lower barrier-height is present due to external
impurities between surface and tip. If the bias voltage is increased to higher voltages, the
tunnel harrier cannot be regarded as a vacuum harrier anymore, which results in an unstable
injected STM-current [5]. Because these external noise contributions in the STM-current can
easily overcome the 10 V input limit of the SPM-regulator, this can lead to an effective
lowering of the injected STM-current and therefore also a lowering of the collected BEEMcurrent.
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To illustrate the dependenee ofthe collected BEEM-current on the injected STM-current,
two different spectra with an injected STM-current of 100 nA and 55 nA respectively, have
been plotled in tigure 4.5. By changing the amplitude of the injected STM-current, only the
collected BEEM-current for energies above the Schottky-barrier changes. This change is
roughly linear with the change in injected STM-current. Since the two spectra are measured
after each other, the position of the injected current could have changed due to drift. This
means that these spectra do not necessarily represent spectra taken at the same sample area.
The height ofthe Schottky harrier however always stays constant at::::: 0.8 eV.
To show the dependenee ofthe BEEM-current on the STM-current even more clearly, the
collected BEEM-current has been measured at two different bias voltages above (1.5 V) and
below (0.5 V) the Schottky-barrier as a function ofthe injected STM-current (see tigure 4.6).
Since no averaging was carried out on these measurements, the uncertainty in the values is
much higher than in tigure 4.5. The linear dependenee of the BEEM-current on the injected
STM-current can still be seen. The fact that the BEEM-current also increases slightly for
voltages below the barrier-height means that additional transport of electrons through the
harrier is present, maybe due to tunneling or due to the presence of additional defect states in
the harrier itself [33]. The absolute value of the BEEM-current also does not correspond to
those measured in tigure 4.5. This is a further indication that the BEEM-current is not
constant over the entire surface.
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Figure 4.6: Dependenee ofthe collected BEEM-current on the amplitude ofthe
injected STM-current for two different bias voltages, above (1.5 V) and below
(0.5 V) the harrier. No averaging was carried out and the increase of the
BEEM-current with the injected STM-current for electrons with energies below
the harrier is an indication of additional transport of electrons through the
harrier.
Besides ballistic electron emission spectra, also BEEM images have been obtained from
this gold-silicon Schottky-barrier system. By modulating the injected STM-current while
scanning very slowly across the surface and applying a bias voltage (> 0.8 V) higher than the
Schottky harrier height, STM and BEEM images can be acquired simultaneously. A part of
such a simultaneously measured STMIBEEM image can beseen in figure 4.7.
The resolution in the obtained BEEM-image is determined by the conservation of the
parallel component of the k-vector of the injected hot electrons (see paragraph 2.2.3) across
the interface. Practically this means that a balance has to be found between high resolution
(energy of injected electrons just above the barrier-height: see tigure 2. 7) and good signal to
noise ratio for large bias voltages (BEEM-current increases with applied bias voltage: see
figure 4.5). A bias voltage lower than 0.8 V results in a featureless, homogeneous HEEMimage, because no electrons have high enough energies to cross the potential harrier and can
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be collected in the silicon. For too high bias voltages, the resolution ofthe BEEM-image will
be too low to be able to distinguish any features. A bias voltage of 1.2 V was found to be a
good compromise.

(a)

(b)
Figure 4. 7: Simultaneously measured STMIBEEM image on a 100 A gold layer
on the (111) surface of silicon, with (a) STM image ofthe surface height and (b)
image of the collected BEEM-current with applied bias voltage: 1.2 V (scale:
100x350 nm). Although the two images are slightly shifted due to different scandirections for the STM (left to right) and the BEEM (right to left) image, good
correlation can be seen between depressions in the STM image and
"protrusions" in the BEEM image. The images were gathered during
approximately ten hours. Examples of corresponding features have been
encircled.
From tigure 4. 7 can be seen that good correlation exists between depressions in-between
gold grains in the STM-image and "protrusions" in the BEEM-image. These images were
obtained with constant amplitude of the oscillating STM-current. This means that when a
depression is present in the surface topography, the transmission of ballistic electrons
through the sample is increased. Since all features in the BEEM image correlate with features
in the STM surface height image, this means that local changes in the amount of scattering
processes in the gold-layer are determined by modulation of the gold-layer thickness. Thus
local changes in the collected BEEM current are also caused by local changes in the goldlayer thickness. Implicitly, this also assumes a homogeneous distribution of scattering
processes at the gold-silicon interface; in other words, the gold-silicon interface is
homogeneous. This is illustrated in tigure 4.8.a.
If the gold-silicon interface was not homogeneous, features at this interface could locally
change the transport of hot electrons into the silicon. This would then show up as changes in
the BEEM current which are not correlated to the STM image (b ). If the grains seen in the
STM-image would correspond to height changes in the gold-silicon interface structure, the
BEEM image should display no features (c). Variations in the BEEM-current can also be
caused by changes in the scattering probability, due to the presence of impurities inside the
gold layer or at the gold-silicon interface. This would lead to either no correlation between
STM and BEEM images (d), or the presence of an impurity under each gold-grain (e), and
(f), which is very improbable.
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Figure 4.8: Different sample layer-structures to illustrate the correlation
between STM and BEEM images offtgure 4. 7. With correlation between STM
and BEEM images in (a), (e) and (/) and no correlation in (b), (c) and (d). An
impurity in the gold or at the gold-silicon interface is represented by q.
By quantitatively examining the correlation between the height difference for a
depression in the STM-image and the correlated increase in BEEM-current, information on
the mean-free path for hot electrons in the gold-layer can be extracted. Normally samples
with different layer thicknesses are compared [29-32]. By measuring the average thickness
and attenuation of the injected electrons across several areas of the sample, an estimation on
the mean free path for hot electrons can be given. Since we only had this one sample, an
estimation on the mean free path has been made by comparing local height differences across
a single grain with the corresponding change in BEEM-current.
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Figure 4.9: Two graphs showing cross-sections of a feature of (a) the STMimage and (b) the BEEM-image offigure 4. 7. The inverse correlation between
STM-height image and REEM-eurrent image can clearly be observed. From
these graphs information on the mean free path for hot electrans in the gold
layer can be extracted.
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By making a cross section through a feature in tigure 4. 7 and plotting the height as well
as the BEEM-current across this feature, a comparison between the two can be made (see
tigure 4.9). If it is assumed that the transport of hot electrons through the gold layer is
govemed by an exponential decay with the layer thickness (see equation 2.10), the mean free
path for hotelectronsin gold can be calculated with equation 4.4:

I BEEM (max)

--==--- = exp

I BEEM (min)

(- ~)
.;p

'

(4.4)

bere ÀmJP represents the mean free path, t1d the height difference between the maximum
and minimum of the height-graph of tigure 4.9.a and IBEEM(max) and IBEEM(min) the collected
BEEM-current at the maximum and minimum of tigure 4.9.b respectively. For 20 of such
features from tigure 4.7 the height difference and increase in BEEM-current have been
measured. With the use of equation 4.4 an average mean free path for hot electrons in gold
has been calculated: À"ifP= 3.5 nm, with a standard deviation of 1.1 nm.
Since the height modulation in the STM cross-section of tigure 4.9.a is almost as high as
the mean layer thickness (10 nm), it cannot be excluded that insome depressions the silicon
surface is revealed. Equation 4.4 then of coarse does not hold anymore. However, since
almost all measured BEES spectra showed the characteristic Schottky harrier, it can be
assumed that under most depression the gold-silicon interface is still present. Since local
height differences are measured, it is possible that the underlying structure beneath
protrusions and depressions is not the same, due to different grains and grain-boundaries.
This can then lead to different scattering behaviour for the injected electrons and ultimately
lead to different ÀmJP's. This wastried to overcome by averaging multiple features, but can
also explain the quite high uncertainty in À"ifjJ.
Literature values for the mean free path for hot electrons in gold, measured with BEEM
experiments are almost an order higher than our calculation [29-32]. The investigated
samples however were prepared under ultra-high-vacuum conditions (10- 10 mbar) [29]. The
sample shown in tigure 4.7 was prepared under less ideal conditions (z10-6 mbar). lt is
therefore reasonable to assume that this sample has a polycrystalline or disordered structure.
With such a relatively low vacuum during deposition, the flux of gold atoms is in the same
order as those of residual gases, so a high concentration of impurities will also be present.
Scattering effects are therefore more likely to occur, which leads to a faster decrease in
BEEM-current, which ultimately produces a lower mean-free path.
The actual BEEM current can be thought of as consisting of different attenuation factors
and proportional to the injected STM current. This is represented by:
(4.5)
where 1\air!Au and K:Au!Si represent attenuation factors corresponding to scattering processes
at the gold surface and at the gold-silicon interface respectively, dAu the gold layer thickness
and ÀAu the mean free path for hot electrons in the gold layer. By averaging the collected
BEEM-current over an entire scan-image andrelating this to the injected STM-current, the
total transmission can be calculated: 2.5·10-4 • Literature values for the transmission for a 100
A gold layer on (111) silicon at a bias voltage of 1.2 V are one totwoorders higher [29-32].
This is a further indication that our sample has a less ideal structure. By using also the above
calculated ÀmJP, the combined transmission factor K"air!Au"K:Au!Si can be calculated: 4.5·10- 3• This
means that most injected electrons scatter either at the surface or at the gold-silicon interface.
Only "" 0.5 % of the injected hot electrons actually transmit through the surface and interface
without scattering. From this small fraction only those electrons that do not scatter inside the
gold layer actually contribute to the collected BEEM-current.
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4.3.2 Magnetic material in multilayer systems
Since BEEM experiments give information on scattering processes in thin-layered
systems, this technique could also be used to investigate magnetic-multilayer systems, where
scattering processes play a key role (see paragraph 2.3). Pirst sample requirements to measure
a BEEM-current are the presence of a potential harrier to distinguish between scattered and
non-scattered electrons and a clean surface for stabie injection of hot electrons.
The most simple experiment is to exchange the gold layer for a magnetic layer and try to
measure the BEEM-current directly. Por such a first experiment a 75 A cobalt layer was
sputtered onto a silicon substrate. After placing this sample in the air STM/BEEM-setup, it
was impossible to obtain a stabie injected STM-current. This is probably due to the presence
of an oxide layer on top of the cobalt-surface. In this way no stabie BEEM-current could be
measured. Another cobalt-silicon sample was afterwards covered by an additional100 A gold
layer to have an oxide-free surface. This ensured that a stabie injection of hot electrons into
the sample could be accomplished. However, no BEEM-current could be detected. This could
either be caused by an oxide-layer which was formed between the cobalt and the gold, due to
exposure to airin-between sputtering ofboth layers, or by a non-ideal Schottky-barrier at the
interface.
The discussed experiments on cobalt-silicon samples shows that without a stabie surface
and a good potential harrier at the interface, no BEEM-measurements can be conducted.
Prom previous experiments (see paragraph 4.3.1) it could beseen that a gold-surface and a
gold-silicon interface result in a stabie injection current and a good Schottky harrier
respectively. Therefore it has been decided to put gold layers at the silicon interface as well
as at the surface of the sample in all further experiments. In this way a stabie injection of hot
electrons as well as the presence of a good Schottky harrier are guaranteed.
To more thoroughly investigate magnetic material in a HEEM-experiment, it was chosen
to examine gold-silicon samples with different thicknesses of a magnetic layer sandwiched
inside the gold layer. It was thought that in this way the influence of additional interfaces
could be examined due to a difference in scattering behaviour between pure gold and
gold/magnetic-materiallgold systems [34]. A drawing of the proposed sample composition
can be seen in figure 4.1 0.
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Figure 4.10: A schematic drawing ofthe sample compositionfor experiments on
a gold/nickeligold multilayer on a silicon substrate. Depending on the thickness
of the nickel layer (x = 10, 30 or 50 A), a closed layer (a) or clusters of nickel
(b) could be present between the two gold layers. By conducting BEEMexperiments on samples with different nickel thicknesses, maybe the presence of
underlying nickel clusters could be concluded from a difference in scattering
ratio for areas with and without underlying nickel.
Por such an experiment nickel was used as a magnetic material sandwiched between two
gold layers (sample structure: Si/Au/Ni/Au). To ensure the presence of a good Schottkybarrier, first a 100 A gold layer was deposited onto an oxide-free (111)-surface of silicon.
After this, samples with 10, 30 and 50 angstroms of nickel were deposited. At the end a 50 A
gold layer was deposited on top to keep the surface free from oxidizing and thus ensure the
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stability of the injected current. Alllayers were deposited in succes sion, without exposure to
air in-between.
In the same way as discussed in paragraph 4.3.1 BEEM images and spectra were
measured on these three different samples. In figure 4.11 an example of a BEES
measurement on a sample containing nickel can be seen.
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Figure 4.11: Example of a BEES measurement on a gold-silicon Schottky
harrier system, where an additional 50 A nickel layer is sandwiched between
two gold layers (top-gold layer: 50 A, bottam-gold layer: 100 A). The presence
of nickel does nat have any effect on the height of the harrier. One hundred
measured spectra were averaged during approximately one hour to gain the
above curve. Spectra of samples containing a different nickel-layer thickness all
showed the same behaviour.

Spectra measured for samples containing a different nickel-layer thickness all showed the
same behaviour. The onset ofthe current is at an energy of0.8 eV, which means that a 100 A
gold layer between the nickel and the silicon is enough to ensure that a stabie Schottky
harrier is present at the gold-silicon interface. Figure 4.11 also shows that a 50 A thick
additional nickellayer inside the gold still enables some electrons (E > 0.8 eV) to traverse the
Schottky-barrier without being scattered.
An additional (magnetic) layer sandwiched in-between gold layers is known from
literature [34,35] to have different scattering probabilities for hot electrons compared to a
pure gold layer. lt was proposed that if the nickel-layer thickness was small enough an
incomplete nickel layer, or effectively nickel clusters, could be formed. This would then
show up in a BEEM-image as areas with a different effective transmission which is not
correlated to the surface corrugation (if it is assumed that the nickellayer has no influence on
the surface corrugation). Therefore from the samples with different nickel-layer thickness,
BEEM images were gathered. In figure 4.12 an example of a BEEM image and the
corresponding STM image of a gold/nickeligold/silicon structure are presented.

Investigation of magnetic multilayers with BEEM

47

(a)

(b)

Figure 4.12: Example of (a) a STM image and (b) the corresponding BEEM
image of a sample consisting of 50 A gold, 50 A nickel and 100 A gold on the
(111) surface of silicon. Correlation between STM and BEEM images is still
present, although not as pronounced as in ft gure 4. 7 (scale 170 x 400 nm). The
above BEEM image was gathered during approximately 10 hours. Examples of
correspondingfeatures have been encircled.
As can be seen in tigure 4.12, correlation between the STM and BEEM images is still
present, although not as pronounced as in tigure 4. 7. BEEM experiments on samples
containing different amounts of nickel all showed similar images. This means, concluding
from the conducted BEEM-experiments, that either no nickel clusters are present, or that the
presence of nickel does not change the properties of hot electron transport through the
multilayered sample.
In the same way as discussed in paragraph 4.3.1, the BEEM-current averagedover an
entire scan-image, together with the injected STM-current, gives an indication of the total
attenuation of the injected current in the sample. This has been calculated for the three
different samples and is plotted in tigure 4.13.
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Figure 4.13: Total transmission (lsEEAilsn.J of the injected current as a function
of the total sample thickness for the Au/Ni/Au/Si-samples. The expected decrease
of the transmission with increasing total layer thickness can not be seen. This
means that either the sample-composition has a much higher uncertainty than
anticipated, or that the uncertainty in external scattering processes, such as at
the surface or at the interface with the substrate is much higher than the
uncertainty in the volume and interface scattering. Thicknesses of the different
layers: top-gold layer: 5 nm and bottam-gold layer: 10 nm. Indium and silverglue were used as cantacts to the silicon.

From tigure 4.13 the expected dependenee ofthe transmission on the totallayer thickness
can not be seen. From literature it is known that increasing the gold thickness by a factor of
two can already decrease the transmission by a factor of 5 [29-32]. When an additional10 A
layer of magnetic material is present, this transmission can even decrease by one order of
magnitude [34]. This means that either the sample-composition has a much higher
uncertainty than anticipated, or that the uncertainty in extemal scattering processes, such as
at the surface or at the interface with the substrate, is much higher than the uncertainty in
scattering processes inside the layers or at the interfaces.
Although the above discussion indicates that the quality of the samples may be lower
than anticipated, additional measurements have been carried out. In the same way as for the
gold-silicon samples, the mean free path for hot electrous in gold was extracted from features
in the STM and BEEM images with the use of equation 4.4. The calculated ÀmJP is presented
in figure 4.14 as a fi.mction of the thickness of the nickellayer. Each point in figure 4.14
represents an average of twenty measurements. Although the individual À! s show quite a
large uncertainty, the value seems to be constant for different nickel thicknesses. If it is
assumed that the nickel-layer is homogeneous under each surface gold grain, the calculated À
corresponds to the mean free path in the gold layer and therefore does not depend on the
thickness of any underlying layers.
The large uncertainty in the value of ÀmJP can be caused by a variation in composition of
an individual sample. Since each point in figure 4.14 is basedon measurements of twenty
different correlated STM/BEEM features, a spread in scattering ratios can be explained by a
difference in composition or structure of the sample under each considered gold grain in a
single BEEM image. This could be caused by the relatively undefined nature of sample
preparation (see paragraph 4.2.2). Ultimately this then results in a relatively large spread of
À's across a single BEEM image.
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In the same way as equation 4.5, also forthese magnetic multilayer systems an expression
can be given for the actual BEEM-current, which consists of different attenuation
contributions from the different scattering processes:

- I
I BEEMSTM

(

v

"1\.air/Au

·eXp
(

·"KNi!Au

·exp

- dAu,l)
ÀAu,l

v

"1\.Au/Ni

_dAu,2)
ÁAu 2

·

·"KAu!Si'

·eXp

(- dNi)
ÀNi

(4.6)

where TÇzir!Au, KAu/Ni, TCNi!Au and KAu!Si represent attenuation factors originating from
scattering processes at the different interfaces, and the exponential terms represent
attenuation factors originating from scattering in the "bulk" of the layers; each with their own
mean free path À and layer thickness d.
By assuming that the mean free path for hot electroos in gold and nickel is approximately
the same (concluded from tigure 4.14), the combined transmission coefficient Ç (=
TÇzir!Au"TCAu/N(TCNi!Au"KAu!Si) can be calculated with the use of equation 4.6. In tigure 4.15 this
combined transmission coefficient Ç is plotted as a function of the thickness of the nickel
layer.
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4.15:

"Kair!Au"TCAu/N(TCNi!Au·TCAuJSi

From tigure 4.15 no dependenee of the combined transmission coefficient Ç on the
nickel-layer thickness can be observed. This is in agreement with expectations, because the
scattering at the nickel interfaces should not depend on the thickness of the layer itself.
However, the value of Ç for the case of no nickel should be higher and not lower, as can be
seen in tigure 4.15, than in the case of additional nickel interfaces. This means, as discussed
before, that either the uncertainty in the composition is higher than anticipated or there is a
high uncertainty in the attenuation coefficients "Kair!Au and TCAuJSi. due to scattering processes at
the surface or at the interface with the substrate respectively. Since the area between the tip
and the gold-surface, the tunnel gap, has the least controlled measurement conditions, it is
most likely that the combined transmission coefficient Ç largely depends on scattering
processes at the gold-surface; "Kair!Au has probable the largest influence on Ç. From recent
experiments it has been shown that the mean free path for hot electrons in nickel is about an
order smaller than that in gold [35]. It is also claimed that nickel-interface scattering probably
contributes in the attenuation of the injected STM-current. Since these experiments were
conducted on well prepared, clean gold-nickel samples, the inconsistency of tigure 4.15 can
also be explained by the presence of impurities in our samples (due to a low vacuum during
deposition). Maybe the deposited nickel is regarded by the hot electrons as just another
impurity, which are also present in the top and bottorn gold layers. Therefore no huge
difference should be seen between the amount of scattering processes in samples with and
without additional nickel.
Since the uncertainties of the measurements are too high, only be conducting more
reproducible experiments, more solid conclusions can be drawn.

4.4 Conclusions
In this chapter it has been shown that BEEM experiments can be conducted on samples
containing a Schottky harrier. With a STMIBEEM-setup that operates under atmospheric
conditions BEES spectra and BEEM images have been gathered from gold/silicon and from
gold/nickel/gold/silicon samples. The barrier-height of the gold-silicon Schottky-barrier
could be extracted: ""0.8 eV, which is in good agreement with similar experiments [2,5,29]. It
has been shown that the presence of a gold layer at the surface is needed for stabie injection
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of a STM-current and that a gold layer at the silicon interface is neerled for the presence of a
close to ideal Schottky-barrier.
From the BEEM images measured on samples containing different amounts of nickel, no
immediate proof of the presence of this nickel could be seen. The samples containing nickel
showed, although not as pronounced as in gold-silicon samples, correlation between features
in the SIM and features in the BEEM image. The attenuation of the injected current was
calculated for different sample thicknesses. Since no conclusive dependenee on the layer
thickness could be seen, the uncertainties in the sample composition or in the surface and
interface scattering is probably much higher than anticipated.
From the investigated samples an estimation of the mean free path for hot electroos in a
gold layer was made: Àm.fp= 3.5±1.1 nm. This measured mean free path was independent of
the thickness of any underlying nickel-layer. From a calculation of the attenuation at the
different interfaces, no dependenee of the scattering coefficient on the nickel thickness could
be seen. Since the experiments were carried out on samples which were prepared under nonideal circumstances, no conclusive dependencies could be extracted.
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5. Conclusions and outlook
5.1 Conclusions
In this paragraph the conclusions that can be drawn on the experiments which have been
described in this thesis, will be summarized.
•
The relatively new technique of BEEM, based on STM, is sensitive to scattering
processes inside a (multilayer) sample with a lateral resolution of nanometers. This
technique can therefore be used to characterize GMR-structures with a Schottky harrier
at the substrate-interface, since scattering processes play a key role in such a structure.
Because the origin of a potential harrier inside the sample is not important for
conducting BEEM experiments, also TMR-structures are possible interesting subjects
for BEEM-experiments.
•
To be able to conduct BEEM-experiments, first a new STM-system, which operates
under atmospheric conditions, has been designed and built. Atomie steps on the epitaxial
(111) gold surface have been resolved. Also the (0001) surface of graphite revealed
atomie structures. A calibration of this setup has been performed as well as an indication
on the stability ofthe system has been given.
•
For the implementation of BEEM experiments, the STM-system had to be modified. A
new modulation technique has been designed, which modulates the injected tunnelcurrent. With this modulation-technique a reduction of the overall noise and instability
in the BEEM-current has been accomplished.
•
First BEEM experiments have been conducted on gold-silicon samples, containing the
characteristic Schottky harrier at the interface. Measured BEES spectra showed a
characteristic Schottky harrier height of 0.8 eV which is in good agreement with similar
experiments conducted by other groups. BEEM experiments showed good correlation
between features in the STM and features in the BEEM image. This means that the
collected BEEM-current is very sensitive to local variations in the gold thickness and
that a homogeneous Schottky harrier is present at the silicon interface. From this a mean
free path for hot electrons (1.2 eV) inside the gold layer has been calculated: 3.5±1.1
nm.
•
BEEM experiments on cobalt-silicon and gold-cobalt-silicon samples showed that
additional gold layers are necessary at the surface and interface to realize a stabie
injection ofhot-electrons and ensure a close to ideal Schottky harrier respectively.
•
Corresponding STM and BEEM images have been measured on samples containing 10,
30 or 50 A of nickel, sandwiched between two gold-layers. Although correlation
between STM and BEEM images was still present, it was not as pronounced as in the
gold-silicon samples. However, the presence of nickel does not seem to perturb the
electron transport through the sample. Calculated mean free paths for hot electrons (1.2
eV) inside the top gold layer were not influenced by different underlying nickellayers.
•
The transmission of the complete sample did not show the expected dependenee on the
sample thickness. From literature it is known that the transmission should decrease with
an increase of the sample thickness. This shows that either the uncertainty in the sample
composition is larger than anticipated, or that the uncertainty in the transmission of the
surface and the interface with the substrate is larger than the uncertainty in other
scattering processes.
•
The effective influence of the interfaces on the scattering processes was estimated. From
the conducted experiments no huge contribution was observed due to additional nickel
interfaces. The most plausible reason for this is that either most of the scattering
processes occur at the gold-surface, or due to the non-ideal preparation technique, a high
concentration of impurities masks the influence of the interfaces. Because the
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STM/BEEM setup operates under atmospheric conditions, the state of the gold-surface
is not well defined.

5.2 Outlook
Regarding the experiments that have been conducted in this thesis, the following issues
can be used as recommendations for future investigation.
•
The modulation technique as used in this thesis has the advantage of reducing lowfrequency noise. However the disadvantages like the long measurement time (> 10
hours) can cause additional problems like drift and temperature effects. Therefore, the
direct measurement ofthe BEEM-current is favorable, under the condition that the noise
contribution can be reduced.
•
The investigated samples were prepared under 1o-6 mbar vacuum pressure. This
relatively low vacuum may lead to additional defect formation in the thin layers, which
could mask the real interface influence. By using ultra high vacuum deposition
techniques, a more controlled preparation of the different samples can be accomplished.
In this way different samples can more easily be compared.
•
To be able to measure the BEEM-current through magnetic multilayers as a function of
the relative magnetic moment of different layers, a magnetic field has to be applied to
the sample during STMIBEEM investigation. For this a more screened STM/BEEM
setup has to be designed, so that any stray magnetic fields do not have any influence on
the STM-current and especially not on the BEEM-current.
•
Besides GMR-structures, which have already been investigated using BEEM, also TMRstructures or tunneljunctions can be investigated using BEEM-techniques. In this way,
local information on the transmission of hot electrons over the oxide harrier can be
extracted.
•
In the used STM/BEEM-setup, which operates under atmospheric conditions, the
injected current gets very unstable for bias voltages higher than approximately 1. 7 V.
This is probably caused by the instability of the tunnel-harrier in strong electrical fields
due to adsorbed impurities at the surface. Therefore, to investigate TMR-structures,
which can have potential harriers with heights of several eV's, a vacuum system is
needed.
•
To reduce phonon scattering and increase the stability of the BEEM-setup, a lowtemperature apparatus can be designed. Since this is a huge investment, first other
possibilities have to be looked at. However, the obtained stability and signal to noise
ratio may already be sufficient to characterize GMR and TMR-structures even at room
temperatures.
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Appendix A
In this appendix the mechanism for the coarse positioning of the sample, relative to the
tip, will be further described. The coarse approach mechanism uses slip/stick effects related
to inertia forces to move the sample stage relative to the base. For this the piezos expand and
contract in a fast/slow sequence; i.e. a sawtooth voltage is applied between the two electrodes
which causes the sample stage to be moved forward (or backwards, depending on the
polarity) in a discontinuous motion. In tigure A.l the shape of the applied voltage is
represented during a single step.
V

V

trau-

1 ms·

time

time
stick and move forward

stick and move backwards

Figure A.l: Typ ieal voltage applied to the coarse movement piezos during
slip/stick motion, resulting in a discontinuous motion of the sample stage.
This coarse movement principle is used by the Omicron UHV -STM [26] and has also
been implemented in the air-STM. For the tirst sample stage (see paragraph 3.2.3), this
principle has been used to move the sample in the slow movement part (stick) and move the
bottorn part in the fast movement part (slip). This is schematically depicted in tigure A.2.
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Figure A.2: A closer look at the coarse (forward) movement of the first sample
stage. In (a) a side view is shown of the carriage during the slow stick phase,
while in (b) the slip phase of the movement is presented. In (c) a close-up view
can be seen of the piezo plate itself
Physical movement occurs by playing with inertia forces and the threshold of friction
forces between the bottorn glass plate and the surface on which it moves. When the inertia
forces are small (slow movement), the friction threshold is not overcome and the sample
sticks, while the center of mass moves forward. When high inertia forces are applied (fast
movement), the friction threshold is overcome and the center of mass stays tixed, while the
bottorn glass plate slips over the surface. Because the sample is connected to the upper part of
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the carriage, which also has the largest mass, the sample will move in the slow stick part and
remains put in the fast slip parr.
For the second sample stage the block with the center of mass has been separated from
the sample itself. This has the advantage that any creep effects in the piezo itself only move
the weight block slowly and therefore do nothave any influence on the position ofthe sample
itself. The sample now moves during the fast slip motion and stays at its current position
during the slow stick movement ofthe weight block. This has been represented in figure A.3.
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Figure A.3: In (a) and (b) a side-view ofthe coarse movement mechanism ofthe
second sample stage can be seen. (a) shows the stick phase and (b) shows the
slip phase of the coarse movement. In (c) a closer view is presenled of the piezo
plate itself Two electrades have been electrically connected to transfarm the
piezo plate during application of an electric field. This mechanism is used for
coarse movement parallel as wellas normal to the surface of the sample.

2

This is not entirely true, because the piezos and glass plates also have mass and therefore the center of
mass does not coincide with the center of the upper block. This means that during the slip phase, the
sample will move slightly backwards. The resulting movement will however still be in the forward
direction.
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Appendix B
In this appendix the electrical scheme of the pre-amplifier as used m the first STMexperiments (with the first sample stage) is presented.
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Appendix C
In this appendix the schematics for the pre-amplifier as used in the direct-measurement
BEEM experiments are presented (second sample stage).

1-I,_

R"",

Operational amplifiers:
1.) & 2.) Vbias (between tip and sample) subtractor
3.) 2 times amplification ofSTM-current
4.) & 6.) vbias,2 (between gold and silicon) subtractor
5.) compensation substraction
7.) 1·103 amplification ofBEEM-current
8.) & 9.) two second order low-pass filters
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Appendix D
In this appendix the different connections between the air-STM-system and the preamplifier as well as the output conneetion between the pre-amplifier and the Omicron dataacquisition system are described.
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These connections are for the second (BEEM) sample-stage. For the first sample stage connections 4
and 8 represent UsrM and UsrMo respectively. All other connections are not connected.
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Appendix E
In this appendix a more in-depth view of the piezo-elements and their software setup, as
used in the air-STM-head, is given.
The three piezo ceramic elements all have cylindrical shape and posses both an inner and
an outer electrode. The inner electrode is used to put a certain voltage on this piezo element
with respect to the outer electrode which is always connected to ground. These piezo tubes
were calibrated by an optical interferometer before being connected to the STM-head: an
applied voltage of"' 30 V corresponds to an extension of"' 320 nm. To not depolarize the
piezo elements an additional2:1 reduction ofthe voltage, which is applied from the Omicron
regulator, is used. To match the software calibration of the piezos with the actual physical
behaviour, the same calibration as the Omicron UHV-STM was used (5 nrnN).
The used piezo ceramic elements are negatively polarized with respect to the piezos
which are used in the UHV-STM. A negative polarity means that a negative voltage on the
inner electrode corresponds to an extension of the piezo element. This means that instead of
the positive scanner driver TSl_P.SCA which is used by the UHV-STM, the negative
scanner driver TSl_N.SCA is used for the air-STM. Also, in the case of the second sample
stage (see paragraph 3.2.3), the bias voltage is applied to the tip instead of to the sample, so
also this has been changed in the software setup.
Table E.l: Summary of the software setup for the home-built air-STM-head.

Scanner-setup
Scanner-driver
TSl_N.SCA
V gap conneetion
tip
Piezo sensitivities
x+
-5 nrnN
y+
-5 nrnN
z+
-5 nrnN
xOnrnN
yOnrnN
zOnrnN

