
 Eindhoven University of Technology

MASTER

Ballistic electron emission microscopy on Al2O3 tunnel junctions

de Jong, J.E.A.

Award date:
2001

Link to publication

Disclaimer
This document contains a student thesis (bachelor's or master's), as authored by a student at Eindhoven University of Technology. Student
theses are made available in the TU/e repository upon obtaining the required degree. The grade received is not published on the document
as presented in the repository. The required complexity or quality of research of student theses may vary by program, and the required
minimum study period may vary in duration.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain

https://research.tue.nl/en/studentTheses/c31b2d7b-3ecd-410a-8347-28c17a78be3b


Eindhoven University of Technology 
Department of Applied Physics 
Group Physics of Nanostructures 

Ballistic Electron Emission Microscopy 

on 

Ah03 tunnel junctions 

J.E.A. de Jong 

April 2001 
Physics of Nanostructures 

Report of a graduation project (April 2000- April 2001), carried out at the Eindhoven University 
of Technologyin the group Physics of Nanostructures (FNA) 

Professor: 
Supervisors: 

Prof. dr. ir. W.J.M. de Jonge 
Dr. Ir. H.J.M Swagten 
Dr. 0 . Kurnosikov 



CONTENTS 

1 Introduetion 

2 Theoretica! basis 
2.1 Magnetic Tunneling .... ... . 

2.1.1 One-dimensional tunneling 
2.1.2 Magnetic Tunneling ... . 

2.2 Scanning Tunneling Microscopy 
2.2.1 Three dimensional tunneling 
2.2.2 Operation .......... . 

2.3 Ballistic Electron Emission Microscopy . 
2.3.1 Schottky harrier systems . . . .. 
2.3.2 Injection . . . . . . . . . . . . . . 
2.3.3 Transport through metal and semiconductor layers 
2.3.4 Interfacial scattering 
2.3.5 Tunnel Junctions 
2.3.6 Banier transport 
2.3.7 Image force .. . 
2.3.8 Charging effects 

3 Reported results on BEEM 
3.1 Schottky harrier structures 

3.1.1 Interface quality . . 
3.1.2 Conduction states . 
3.1.3 Scattering in metallic layers 
3.1.4 Imaging magnetic domains 

3.2 Insulator-hased structures . .. 
3.2.1 Si02 hased structures . 
3.2 .2 Al2Ü3 hased structures 

3.3 Conclusions . . . . . . . . . . . 

4 Experimental setup 
4.1 Introduetion .. . 
4.2 Air BEEM/STM setup . 

4.2.1 Sample stage . . 
4.2.2 Measurement electranies 
4.2.3 Measurement . . . 

4.3 Sample fahrication . . . . 
4.3.1 Deposition facility 
4.3.2 Oxidation setup . 

4.4 Tunnel junction specification 
4.5 AC modification of air BEEM/STM setup 

2 

2 

4 
4 
4 

7 
9 
9 

12 
13 
14 
15 
15 
18 
19 
19 
20 
22 

24 
24 
25 
25 
28 
30 
33 
33 
35 
37 

38 
38 
39 
40 
40 
41 
42 
42 
43 
44 
45 



CONTENTS 

5 Results and discussion 
5.1 Introduetion ..... 
5.2 Large transmission spots . 
5.3 Local spectroscopy 

5.3.1 Offset .... . . . 
5.3.2 Threshold .... . 
5.3.3 Above the threshold 

5.4 Charging effect .... 
5.5 Hot spot distribution . 
5.6 Conclusions ..... . 

6 Outlook 

7 Technology Assessment 

A Nanometer scale modification 

B Surface roughness of a Si/Ta/Co/ Al multilayer system 

C UHV BEEM/STM setup 
C.l Introduetion . 
C.2 Mechanics . 
C.3 Electranies . 

3 

46 
46 
47 
49 
50 
51 
51 
52 
54 
59 

60 

62 

67 

69 

70 
70 
70 
70 



Abstract 

In Ballistic Electron Emission Microscopy (BEEM), an extension of the surface sensitive technique 
Scanning Tunneling Microscopy (STM), the surface height topography and the local transport 
properties of ballistic electrons through multilayer systems can be measured simultaneously as 
function of the injected electron energy. In this graduation project, a setup has been realized 
to measure the current of ballistic electrons through magnetic tunnel junctions with an Ah03 

harrier. These devices are interesting not only for their fundamental aspects, but also for their 
application prospects in magnetic sensors and magnetic memories (MRAM) . 
STM and BEEM images are taken from sputter-deposited Co/ Ah03/Ru tunnel junctions. No 
correlation can be found between the surface structure and the collected BEEM current. There
fore, spatial variations in the BEEM current are attributed to the embedded Ah03 harrier. The 
spatial distri bution in the transmission probability of hot electrons is determined by spatial differ
ences in harrier properties as harrier thickness, harrier height, and preserree of scattering centers 
and charge traps in the harrier. 
Measurements of the transmission probability through the Al2 0 3 harrier as function of the elec
tron energy, indicate that the Al2 0 3 harrier has a local effective height of 1. 7 eV. Stressing the 
harrier by continuous charge injection shows that charge can be trapped in the harrier. Trapped 
charge raises the harrier height with more than 1 eV. 
By sequential ramping of the tip voltage in an area of 510 x 510 nm2 , it appears that different 
locations in the junction area show a different dependenee of the BEEM current on the energy of 
the injected electrons. The locations with different transport characteristics, due to local varia
tions in harrier properties, are distributed on a scale of 50 nm. 



1 
Intrad uction 

Modern electronic circuitry is mostly based on the charge of electrons. By applying electric fields, 
the density and mobility of conduction electrous is influenced and currents are manipulated, which 
is base of todays silicon transistors. However, electrous have another property: spin, which only 
recently became of major significanee for novel so-called spintronie devices . 
In 1975, Jullière showed that in a Fe/GeOx/Co structure, the resistance depends on an applied 
magnetic field. This effect is called magnetoresistance. Essential in these structures is the presence 
of a ferromagnetic material , which has an intrinsic imbalance between electrous with spin-up and 
spin-down. Due to this imbalance, a current which flows through the ferromagnet becomes spin
polarized. 

Since 1975, the development of new magnetoresistive devices has taken flight . Nowadays, the 

Tunnel magnetoresistance 

spin dependent tunneling 

Figure 1.1: The intrinsic difference in the densities of spin-up and spin-down electrans in both ferro
magnetic layers gives rise to different tunneling probabilities for electrans with spin-up and electrans with 
spin-down. For the parallel alignment of the magnetizations of the ferromagnetic layers, the tunnel current 
is large, whereas in the antiparallel alignment is tunnel current is smal!. 
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giant magnetoresistance effect (GMR) is used in high density Magnetoresistive Random Access 
Memories (MRAMs), a non-volatile memory that keepsits information in absence of a field . In this 
project, another spintronie device is investigated, aso-called Magnetic Thnnel Junction (MTJ) . 
This device consists of two ferromagnetic electrades adjacent to an ultra thin oxidic harrier with 
a thickness of less than 3 nm. When a potential is applied over the junction, electrans with a 
certain spin-direction tunnel from the electrode with the highest energy, through the harrier, into 
unoccupied states with the same spin direction in the second electrode. The intrinsic difference 
in the densities of spin-up and spin-down electrans in both ferromagnetic layers gives rise to 
different tunneling probabilities for electrans with spin-upand electrans with spin-down (see figure 
1.1). When the magnetizations in both ferromagnetic layers are aligned parallel, the majority 
electrans in both electrode have the same spin direction, and the tunnel current is large. When 
the magnetizations are anti-parallel, the majority electrans in both electrades have a different 
spin direction and the tunnel current is low. The ratio of current in the parallel and antiparallel 
alignment is called the Thnneling Magneto Resistance, or TMR. Since, the magnetoresistance 
effects in magnetic tunnel junctions are much larger (up to 49% TMR-effect at room temperature) 
than those in GMR structures (which will not be discussed further here), smaller devices can be 
created with high prospects for application in new generation high-density MRAMs. 
Thnneling between two ferromagnetic layers seems to be straightforward, but until 1995 [1], no 
reproducible tunnel junctions with an TMR of over 10% at room temperature could be established. 
Probably, the main obstacle was the production of a good tunnel harrier. A rather successful 
fabrication process has been developed by Moodera. A smooth, homogeneous, and completely 
covering Al layer is evaporated or sputtered on a ferromagnetic bottorn electrode, and oxidized 
with an oxygen plasma to form Al203. 
Although it assumed that the magnitude of the magnetoresistance effect is strongly determined by 
the interface quality between the harrier and the ferromagnets, there is little knowledge on the local 
transport properties of electrans through the harrier and its interfaces. In this project, by Ballistic 
Electron Emission Microscopy, the local electron transport properties through a tunnel junction 
with an Al20 3 harrier are investigated. This has been clone on a home-built air BEEM/STM 
setup. In BEEM, high energetic (ballistic) electrans are locally injected by an STM tip into the 
top ferromagnetic electrode of a tunnel junction. The energy of the ballistic electrons, relative to 
the Fermi energy of this electrode, is proportional with the potential difference between the tip 
and the top electrode. Simultaneously, at the bottorn electrode, the current which crossed the 
harrier, is measured. The current is mapped as function of the lateral position of the tip. In this 
way, an image, with a resolution of several square nanometers, can be made of the subsurface 
properties of the tunnel junction. 
In this report, first , a theoretica! basis is given on (magnetic) tunneling, on Scanning Tunneling 
Microscopy, and on BEEM. Since BEEM is a relatively new experimental technique, few results 
have been reported. For this reason, in chapter 3, a review of the recent publisbed reports is 
presented. The reader is supposed to get a more detailed view on recent measurements and their 
interpretation, some of the technica! problems involved with BEEM, and the number of active 
research groups dealing with BEEM. In chapter 4, a home-built BEEM/STM is discussed which 
proved to he capable of measuring the BEEM current through a tunnel junction (in air). Secondly, 
the sputter deposition facility used to grow the tunnel junctions, is described. In this chapter, 
also the properties of the samples are specified. In chapter 5, the BEEM results, measured on 
Co/ Al20 3 /Ru tunnel junctions, are presented. It has been shown that locally the harrier has a 
height of 1.7 eV, that charge trapping can increase the harrier height with more than 1 eV, and 
that different locations in the junction area have different transport properties. Finally, in chapter 
6, suggestions for further research are presented. 
It is important to note that all BEEM measurements are performed in air. lt is expected that 
the measurements can he improved by measuring in vacuum. Therefore, during this graduation 
project an UHV BEEM/STM setup has been developed. In appendix C, this UHV BEEM/STM 
is discussed. 



2 
Theoretica! basis 

The main goal in this research project is to perform Ballistic Electron Emission Microscopy 
(BEEM) on tunnel junctions with an Al203 harrier. In BEEM, which is an extension of the 
surface sensitive technique Scanning Tunneling Microscopy (STM), transport properties of ballis
tic electrans can be investigated. In the first part of this chapter, one-dimensional transport of 
electrans through a harrier (tunneling) is discussed. In section 2.2 attention is paid to Scanning 
Tunneling Microscopy. Finally, in section 2.3, a theoretica! background is presented on BEEM 
and the transport of ballistic electrans through structures with a tunnel harrier or with a Schottky 
harrier at a metal/semiconductor interface. 

2.1 Magnetic Tunneling 

In the early 70's, Tedrow and Meservey [2] discovered spin-polarized tunneling in ferromagnet
insulator-superconductor Ni/ Al203/ Al tunnel junctions with a conductivity directly dependent 
on the applied magnetic field. A new area in physics was opened: the area of magnetic tunneling. 
In 1975, Jullière [8] reported the first magnetoresistance measurement on an Fe/Ge/Co tunnel 
junction. The current between two ferromagnetic electrades (Fe and Co) through the GeOx har
rier changed with the magnetization orientation of the Fe and Co layers. Since then, a lot of 
research have been clone on magnetic tunneling in structures with various tunnel harrier and 
electrode materials and crystal structures, and their interfaces. It took until 1995, however, be
fore Moodera [1] finally succeeded to reproducible measure magnetoresistance on insuiator (Ah03 ) 

based magnetic tunneljunctions (i.e. Co/Ah03/Ni80Fe20 ). This triggered an enormous (renewed) 
interest in magnetic tunneling, not only for its fundamental aspects, but also for the application 
prospects in magnetic sensors and magnetic memory. 

2.1.1 One-dimensional tunneling 

Let us consider the tunneling process in more detail. In quanturn mechanics, the state of an elec
tron can bedescribed by the wave function w(r, t) . This wave function can be associated with the 
probability of finding an electron at a certain position in space and time. In a one-dimensional sys
tem in equilibrium, the allowed electron states are the one-dimensional time-independent solutions 

4 



2.1. MAGNETIC TUNNELING 5 

of Schrödinger's law: 

(2.1) 

where !i is Planck's constant, m is the effective mass of the electron, and V'(z) is the potential 
at a certain position z. For a metal, Ez, the component in the z direction of the total electron 
state's energy E , is equal to: 

li2k2 
E - E E - E x,y z- - xy- ---, 

' 2m 
(2.2) 

where Ex,y and kx,y are the componentsof the total energy and the total wave vector perpendicular 
to the z direction. 

Et. Evac 'l't... 
z 

z Evac 

4>z 
EF 
E 

II lii II III 

a) b) 

Figure 2.1: The energy (a) and probability (b) of tunneling electrans versustheir position in the left 
electrode (I), the harrier (II) and the right electrode (III) . Only electrans with energy less dan eV away 
from the Fermi energy of the right electrode can participate in the tunnel current . 

In a one-dimensional tunnel junction structure electrans can be in three different regions: m 
the left electrode (I), in the harrier (II), and in the right electrode (III) ( see figure 2.1). 
The metallic electrades are modeled as reservoirs with a work function c/Jo and cjJ1 , i.e. the minimum 
energy sufficient to remave an electron from the bulk to free vacuum. When the two electrades 
are brought sufficiently close to each other to ensure thermadynamie equilibrium, the Fermi en
ergies of both metals are forced at the same level. An electron in the harrier feels an effective 
harrier potential which is the linear interpolation between the effective work functions. When a 
small voltage V is applied between the electrades so that they are still in equilibrium, their Fermi 
energies will differ with eV. 
In all three regions of the junction, Schrödinger's law is valid. Due to the boundary condi
tions, stating that on the interface between two regions '11 and d'l! fdz are conserved (figure 2.1b), 
the transmittance of an electron through the harrier (region II) in the z direction, defined as 
Jl '11 I IJ 1/1'11 I I, is given by 

T <X exp( -2~d), 

where ~ is the inverse decay length for the wave functions 

(2.3) 

(2.4) 

and dis the harrier thickness. The quantity (V'(z)- Ez) is the effective harrier height cjJ at position 
z for an incident electron wave with energy E (figure 2.1a). 

Equations 2.3 and 2.4 are only valid under three specific conditions. 
In the first place, the work functions of both metals are equal, and the harrier is rectangular. 



6 2. THEORETICAL BASIS 

A rectangular harrier implies that the effective harrier height is constant across the harrier. If 
for example two electrades of Ru and Pt are considered, cPRu = 4.7 eV and cPPt = 5.6 eV [3]. 
The difference of 0.9 e V in work function indicates that modeling a rectangular harrier strongly 
simplifies the harrier system. 
Secondly, the thickness ofthe harrier is large compared to the electron wavelength (~~:d » 1). Since 
the tunneling distance is typically a few Á, and 11: = 1010 m-1 , this is barely true. 
Finally, all electrans are in equilibrium so that there is no reverse tunneling against the direction 
of the applied electric field. Because kT « e V, this condition is satisfied. 

Above, the transport of a single electron through a tunnel harrier is considered. The prob
ability of crossing the harrier appeared to he dependent on the relative energy of the tunneling 
electron compared to the effective harrier height, and on the harrier thickness. Below, the total 
tunnel current between two electrades is discussed, using a many-particle model, in which electrans 
tunnel from many different states in electrode I into a variety of unoccupied states in electrode 
111. 

In a metal at T=O K, electrans occupy all available electron states, up to a certain maximum, 
defined as the Fermi energy f.F· For larger temperatures, the kinetic energy of the electrans is 
increased and states which were vacant at T=O K can he occupied. The Fermi-Dirac distribution 
gives the probability that in an ideal electron gas in thermal equilibrium, a state with energy 
f. will he occupied (see figure 2.2). In the approximation that at low temperature (T < 300 K) 

f(E) 
T=O 

T>O 

Figure 2.2: The Fermi-Dirac distribution function /(€) for T=O K and T>O K. €F is the Fermi energy. 

the number of electrans above the Fermi energy in the left and right electrode is negligible, only 
electrans in electrode I with an energy below eV from the Fermi-level of electrode III (see figure 
2.la) can take part in the tunnel current (Pauli's exclusion principle forbids electrans to tunnel into 
occupied states) . The number of conducting electrans is proportional to the number of electrans 
in electrode I with an energy E > EF,I, and the number of unoccupied states in electrode III or, in 
other words, on the densities of states (DOS) of the electrans in both electrodes, as shown below. 
The tunnel current is given by Bardeerr's tunneling current formalism 1 [4]: 

(2.5) 

where the summation L:!-l,v is over all allowed transitions between electrans states in electrode I 
and electrode III, f(E) is the Fermi-Dirac function, V is the applied voltage, and M1-1 ,v is called 
the tunneling matrix element. M1-1,v is related to the probability for electrans to travel from states 
1lJ v in the left electrode (I) to states 1lJ ~-' in the right electrode (III). For tunneling between two 
distinct electron states, M1-1,v is equal to the transmittance T which has been defined earlier. E~-' 

1Three years after Bardeen, Cooper, and Schrieffer (BCS) published their theory ofsuperconductivity in 1957 [5], 
Giaever [6] did a tunneling experiment by applying a voltage V on a sandwich of a normal metal (Al), a thin layer 
of insuiator (Al203), and a superconductor (Pb, Sn, In, etc.) In Giaever's first paper, the experiment is assumed 
to be a direct verification of the BCS theory. To verify the assumption, Bardeen considered the tunneling process 
from the point of view of time-dependent perturbation theory, with a transition matrix element M from initia! 
state to final state. Based on Giaver's experiment in 1975, Tedrow and Meservey first experimentally proved the 
existence of spin dependent tunneling on a Ni/ Ah03/ Al junction, which plays a major role in magnetic tunneling. 
In 1983, Tersoff and Hamann applied Bardeerr's approach to the theory of STM. 
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and Ev are the energies of states \ll Jl. and Wv in absence of tunneling. 

In a free electron gas, the conduction electrans can move freely around. Under the assumption 
that the electron sea in the electrades can be described by a free electron gas, for low temperature 
and a rectangular harrier shape, equation 2.5 can be approximated by 

(2.6) 

where PJJ.,v is the density of electrans in the sample and the tip, cjJ is the effective harrier height, 
and C a proportionality constant. 

For arbitrary harriers with a random symmetrie harrier profile, Simmons formula [7) is often 
used to describe the tunnel current density (expressed in A/cm2 ) 

J(V) 6
•
17J1010 [c4Y- V/2) exp ( -1.025Vëfi- V/2 d) 

- (ëfi + V/2) exp ( -1.025Vëfi + V/2 d)] , 
(2 .7) 

where (fi denotes the average harrier height, measured from the Fermi level from the electrode at 
the highest potential. The thickness is expressed in Ángströms. lt should be noted that due to the 
approximations made, the equation does not contain information about the density of electrans 
states of either electrode. 

2.1.2 Magnetic Tunneling 

Consicier a magnetic tunnel junction with two ferromagnetic electrades (I and III) at a potential 
difference V, as shown in figure 2.3a. The harrier has an effective harrier height c/J. 
In figures 2.3b and 2.3c, two ferromagnetic layers adjacent to a harrier are drawn. A fermmagnet 

Et_. ... d .. 

z 

EF 

lev 

EF 

lev 
eV EF EF 

Ep 
/. 

I 11 lil 
ferromagnet harrier ferromagnet I 11 lil I 11 lil 

a) 
b) c) 

Figure 2.3: a) Electronic configuration of a magnetic tunnel junction consisting of two ferromagnetic 
electrades and a harrier. h-c) Electron energy (vertical) versus density of statesin paralleland antiparallel 
alignment (horizontal) in two ferromagnetic layers around a insulating harrier. In parallel alignment (h) 
majority spins are oppositely directed and and there is a maximum in availahle conduction states; the 
resistance is lowest. In the antiparallel alignment (c) the majority electrons have opposite spin direction; 
the resistance is highest. 

has a disequilibrium in the distri bution of spin-up and spin-down particles near the Fermi surface. 
When the magnetization in the ferromagnetic layers is orientated parallel (P), the majority elec
trans in both layers have the same spin direction; in the anti-parallel magnetization orientation 
(AP) they have opposite spin direction. 
According to the model of Jullière [8) for magnetic tunneling, the spin of electrans is conserved 
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during the tunneling process. Therefore, the total tunneling current is the sum of the currents 
in two independent channels for spin-up and spin-down electrons. The current in each channel is 
determined by the number of electrans and available holes near the Fermi surface, just as this has 
been derived in the previous section for a one-dimensional unpolarized tunnel current ( equation 
2.6) . 

{ 

Nl ,majN2,maj + N1,minN2,min for the P state 
ltot = ft + ft <X (2.8) 

N1 ,minN2 ,maj + Nl ,majN2,min for the AP state, 

where Ni,majfmin is the density of the majority or the minority electrans in ferromagnetic elec
trode i . From equation 2.8 follows that in the parallel state the resistance is lowest, whereas in 
the antiparallel state the resistance is highest. 

The magnetization of a ferromagnetic layer tends to direct parallel to an applied external 
magnetic field H . For two non-identical ferromagnetic layers, the field necessary to flip the mag
netization into the opposite direction, called the coercive field He , differs. In figure 2.4, a typical 
resistance measurement is performed as function of the applied external magnetic field . At zero 
field, the magnetization orientation in the two ferromagnetic layers is parallel and the resistance 
of the tunnel junction is low (see equation 2.8). Wh en the external magnetic field is increased, the 
softest magnetic layer will flip its magnetization at Hc1 ; the magnetization becomes anti-parallel 
and the resistance is high. Further increase of the field also causes the second layer to flip its 
magnetization (at H = Hc2 ). Now, the parallel alignment is reached again and the structure has 
a low resistance. In the measurement shown in figure 2.4 the external field is sweeped from zero 
field to the maximum field, back to the minimum field, and then finally to zero field again, causing 
an alternating resistance between low and high states. 
From equation 2.8 follows directly that the magnetoresistance ratio ( or J M R) is equal to 

~ ,...., 
+- -- +-

+- -+- -l ..J \ 

-2 -1 0 2 

Magnetic Field (kNm) 

Figure 2.4: Example of the behaviour of a tunnel junction (Co/ Ab03/NisoFe2o, grown by Moodera 
at MIT) in a magnetic field. In parallel orientation, the resistance is low, in antiparallel orientation the 
resistance is high. Hel ~ 0.5 kA/m and Hc2 ~ 1.5 kA/m. 

(2.9) 

where Rp is the resistance in the parallel alignment, RAP is the resistance in the anti-parallel 
alignment and P; = (Ni,maj - Ni,min)/(N; ,min + Ni ,maj) is the spin polarization of the electrades 
i = {1, 2} which for example can he determined through spin polarized tunneling [2] or Andreev 
reflection experiments [9]-[10]. 
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In a Fe/Ge/Co junction, Jullière observed a 14% JMR-effect at zero bias and T = 4.2 K; 12% less 
than the expected value basedon Pco = 34% and PFe = 44%, aresult of spin scattering at the 
feromagnet/insulator interfaces. In the spin scattering process at this interface, electrons, which 
have one dominant spin direction, lose their spin direction, and the tunnel current becomes less 
polarized, reducing also the difference in resistance in the parallel and the antiparallel state. For 
strong spin scattering, the simple model, which splits the total tunnel current in two independent 
channels for electrans with one spin direction, is no longer valid. 
Tunneling between two ferromagnetic layers seems to be straightforward, but until 1995 [1], no 
reproducible tunnel junctions with an JMR of over 10% at room temperature could he established. 
The main obstacle was the production of a good tunnel harrier. The requirements for the harrier 
are severe. The harrier thickness must be in a range of 3 nm or less, since the tunneling proba
bility depends exponentially on the thickness. Due to the exponential dependence, the thickness 
variations should he limited, to prevent dielectric breakdown of the device due to current concen
tration at thin spots. Pinholes, i.e. spots of direct metallic contact between both ferromagnets, 
are fatal. Furthermore, the magnitude of the magnetoresistance effect is strongly determined by 
the interface quality between the harrier and the ferromagnets. A dirty interface reduces the effect 
and may, e.g., result from non-ideal vacuum conditions during deposition of the layers. Finally, 
the harrier should he free of defect states, which could result in leakage current and obscure the 
magnetoresistance effect. 
A rather successful fabrication process has been developed by Moodera. A smooth, homogeneous, 
and completely covering Al layer is evaporated or sputtered on a ferromagnetic bottorn electrode, 
and oxydized with an oxygen plasma to form Ah03 . Using the process, several groups have now 
been able to fabricate ferromagnet-insulator-ferromagnet tunnel junctions with magnetoresistance 
effects of over 40% at room temperature. 

2.2 Scanning Tunneling Microscopy 

In 1982, Binning et. al. first publisbed on the topic of scanning tunneling microscopy (STM). 
Since that time, this technique is successfully applied in various fields. STM is a highly surface 
sensible technique which allows the user to directly measure surface parameters such as surface 
chemistry and height topography on an atomie scale. 
In STM, a tip with a curvature of a few Ángströms is brought within tunneling distance, typically 1-
10 Ángströms, from the surface. Due to an applied voltage Vr, a tunnel current will flow through 
the vacuum or air harrier between the tip and the sample. Since this current is exponentially 
dependent on both distance and effective harrier height, monitoring the current during a scan over 
the surface gives information on the topography of the sample. 

2.2.1 Three dimensional tunneling 

In the one-dimensionallimit, the tunneling system exist of two metallic electrades and a reetangu
lar harrier (see section 2.1.1). The electron densities of statesin the electrades have been assumed 
to be uniform without lateral variations. The tunnel current is proportional to the uniform DOS 
of the electrodes. This system does not describe the STM system, in which the dimensions of 
the STM tip are very small compared to the surface dimensions. The tunneling between the tip 
and the surface occurs locally and the tunnel current is proportional to the local DOS (LDOS) 
of the tip and the surface. In this section, tip-surface tunneling is discussed. It is shown that in 
a three-dimensional description of the tunneling process, the tunnel current is directly correlated 
to the height of the surface and to its local surface electron density at the position of the tip. In 
contrary to the one-dimensional description, the tunnel current also appears to have a dependency 
on the shape of the electron orbits in the tip and the surface. 

First, consider the limit where the tip is replaced with a point probe. The current flows from 
a mathematica! point souree at position zr from a single arbitrary tip electron state to a range of 
states at the surface. This case represents the ideal of a nonintrusive measurement of the surface, 
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with the maximum possible resolution. For low temperatures (no reverse tunneling) and small 
voltages, the matrix element JMI in Bardeen's equation (equation 2.5) is simply proportional to 
the amplitude ofthe surface wave function l'~~v(z )l and the tunnel current is directly proportional 
to the LDOS of the surface Pv(zr) at the Fermi energy [11] 

(2 .10) 
V 

In the model of Hamann and Tersoff [11] the tip is not a point source, but has an arbitrary shape 

Figure 2.5: Schematic picture of the tunneling geometry. The probe tip has an arbitrary shape, but is 
assumed locally spherical with radius R, where it approaches nearest the surface. The center of curvature 
of the tip is zo. The distance of nearest approach is d. The surface wave function '11 v is represented by the 
spherical dashed lines originating in zo + d . The decreasing density of the dashed lines with the distance 
from their point of origin corresponds to the decrease of amplitude of 'llv(z). 

with a locally spherical potential well with radius R, where it is dosest to the surface. The center 
of curvature is z0 . The outermost electron orbital at the tip is assumed to he an s orbital. When 
the matrix element JMI is evaluated for an s-wave tip wave function , the tunnel current is given 
by 

321!'3 

I= -n-e2 Vc/>2Dt(Ep)R2 K.- 4 exp(2K.R) x L I 'llv(zo) 1
2 ó(Ev- Ep) , (2.11) 

V 

where 4> is the harrier height, Dt is the density of states per unit volume of the tip, and K. is 
the inverse decay length for the wave functions (see equation 2.4) . The LDOS of the surface 
Pv(zo, E) = I:v l'~~v(roi 26(Ev - E). Because l'~~v( zo l 2 a: exp [-2K.(R + d)], the tunnel current is 
proportional to the LDOS of states of the surface and the distance d between the tip and the 
surface. 
Rewriting the surface LDOS at position z = z0 to the LDOS at the surface (z = z0 + d), one 
obtains Pv(zo) = Pv(zo + d) x exp [-2K.(R + d]. The exponent exp [-2K.R] cancels with exp [2K.R] 
in equation 2.11 and the quadratic dependenee of the tunnel current on R is obvious. It is clear 
that the shape of the tip orbital directly determines the current magnitude. 
As mentioned, the Tersoff-Hamann approach is valid only under the condition that the electrans 

tunnel from a spherical s orbital at the tip. However, at a tip also other orbitals than s orbitals 
can overlap with the surface orbitals. In figure 2.6, the schematic illustration of the overlap of 
s- and d type orbitals with the sample wave functions is given. In real space, d orbitals have 
sharper lobs than s orbitals. Keeping the mechanica! tip-surface distance constant, larger lobs 
in the z direction, imply a larger overlap of the tip and the surface wave function and a larger 
tunnel current. Scanning the tip over the surface, d orbitals, with narrower lobs , imply a faster 
decay of tunnel current in lateral direction and higher STM resolution. For a s orbital the lateral 
resolution is roughly (2Á/(R + d))[11]. Ford tip orbitals the resolution is even larger. 

It has been shown that the tunnel current is dependent on the LDOS of the tip and the surface, 
and on the three-dimensional shapes of the orbitals at the tip and the surface which participate 
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5d 

• sample wave function 

Figure 2.6: Schematic illustration of the overlap of d and s orbitals at the tip with the sample wave 
functions. The lower half of the figure shows the amplitude of the wave functions versus the distance 
parallel to the surface along the cut indicated in the upper half of the figure. 

in the local tunnel process. The large dependency of the current on the electronic configuration 
of atoms at the surface and the tip is nicely demonstrated in a model system where an adatom 
is positioned on top of a metallic surface with a high electron density. When the atom interacts 
with the metal surface, the discrete energy levels of the electron orbits in the atoms, which are 
degenerate with the metal conduction band, broaden. The resonances formed this way when Mo, 
Na, and Ca interact with a high-electron-density metal are shown in figure 2. 7a. lt can be seen 
that at the Fermi level the dominant electron states can be s (Ca, Na) or d (Mo) like. Also the 
number of electron states differs with energy. 
The tunnel current is calculated for two systems with or without an adatom of Na or Mo. The 
tip displacement, necessary to obtain identical tunnel currents in systems with and without an 
adatom, as a function of the potential difference between the surface and the tip is presented in 
figure 2.7b. For Na this displacement can be as big as 3.4 Á at 1.2 V. For 0 on Ni(100) the 
displacement can even be negative: -1.1 Á [12). If one takes in mind that an average atom has 
a diameter of several Ángströms, one can imagine that the possible displacements, due to pollu
tion of the tip or the surface, can cause great difficulties in interpreting STM data qualitatively [13). 

In Scanning Tunneling Microscopy usually W or Pt alloys are used as tip materiaL lt is 
assumed that in these materials d orbitals dominate in the tunneling process. But especially in air 
where contamination of the tip by Na, 0 etc. is very likely, no univocal condusion can be made 
on the atomie tip configuration and electronic structure of the sample. 

In this section only the influence of a simple point shaped tip configuration on the interpretation 
of STM measurements has been considered. The model of Hamann and Tersoff accurately describes 
the exponential dependenee of the tunnel current on the distance between the tip and the surface, 
as well as the proportionallity of the current with the LDOS's of the STM tip and the sample. 
The complete description of the three-dimensional tunneling process is much more complex and 
therefore not extensively presented here. All interactions of the neighboring tip atoms with the 
wave functions of the surface and the tip are neglected. Secondly, electron injection is considered 
to be independent on the angle of injection a . In reality, due to a non-uniform electronic surface 
structure (due to, e.g., surface roughness) the angle of injection is constantly changing and wave 
overlapping is constantly altered. Finally, a point-like tip with one current channel is assumed. 
In a non point-like tip, multiple tunnel current channels exist, with their own lateral position and 
their own electronic properties. The tunnel current from a non-ideal tip is the convolution of all 
currents from each channel. Fora sharp enough tip, however, one channel is dominant, and the 
tunnel current can be properly approximated. 
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Figure 2. 7: a) Curves of the difference in eigenstate density between a metalfadatom system and the 
bare metal for absorbed Ca, Mo on the sample or absorbed Na on the tip. The energy is relative to the 
Fermi level of the surface atoms. b) Representation of the maximum in vertical tip displacement due to 
an adatom. The displacement is given in units Bohr (1 Bohr = 0.529 Á). 

2.2.2 Operation 

In an STM measurement, the tip can be moved relative to the surface using piezoelectrical el
ements. When brought in an electric field, several of the crystals inside an piezo-element are 
polarized, which causes an internat stress that inflicts a reorganisation of the crystalline structure 
(piezo-electricity). On a macroscopie scale, adding up all these microscopie changes yields a con-

-= 
y -30nm 
-~ tipatoms v-• 
~lnm 

f------<XD ~ 
bias voltage surface atoms 

Figure 2.8: The Scanning Thnneling Microscope can measure surface characteristics, such as the chemica! 
and height topography with atomie resolution . The STM is shown in constant current mode. 

siderable change in length along one of the axes. In an electric field in the order of 105 V /m. the 
strain e = ó.l 1 z ::: w-5 . u sing standard piezo tubes of a bout 4 cm tength for x and y direction, 
generally an STM has a scanning range of roughly 1 JLm x 1 JLm. The lateral resolution is in the 
order of 0.05 A. The resolution in the z-direction is about 0.01 A. 

An STM has two modes of operation: constant height and constant current. In the basic 
constant-current mode of operation, the tip is scanned across the surface at constant tunneling 
current. This is realized by constantly changing the tip distance by adjusting the feedback voltage 
Vz over the z-piezo. In the constant-current mode, structures which are not atomicly flat can be 
scanned. The height of surface featurescan be derived from the voltage Vz, limited by piezoelectric 
creep, hysteresis and thermal drifts as well as respons time of the feedback loop. 
In constant height mode, the feedback is slowed or turned off to ensure a constant height of the 
tip relative to a fixed horizontallayer during a scan. Advantage of this measurement is the fast 
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operation which can be necessary for studying dynamic processes. Fast measuring also reduces 
image distartion due to non-linear piezoelectrical effects. 
It is also possible to perform spectroscopie measurements. At certain spots, the tip voltage Vr 

a) b) 

Figure 2.9: a) STM picture of atoms on a Cu(lOO) surface. b) STM picture of the atomie structure of 
Ge(lOO). Clearly terraces with different crystalline orientations of the Ge(lOO) atomie structure can be 
seen (15) . 

is ramped while measuring the tunnel current. Dependent on the sign of Vr, electrans cross the 
barrier with an energy e Vr above the Fermi level of the surface and conduct into available states of 
the surface or tip. The magnitude of the tunnel current flowing is a direct measure of the DOS at 
the tip and the surface. More background on the physics of tip-surface interaction, piezoelectricity 
and extended report on applications of STM in various fields, STM-setup design and other surface 
sensitive Scanning Probe Microscopy techniques can be found in [13], [14] 

2.3 Ballistic Electron Emission Microscopy 

Already in 1982, it was possible todetermine the surface electronic structure by using the Scanning 
Tunneling Microscope. It took until 1988 however, before it became possible to simultaneously 
investigate the electronic structures of a surface and the buried layers and interfaces. This tech
nique is called Ballistic Electron Emission Microscopy (BEEM) [16], [17], [18]. 
When a tip and a surface have a potential difference Vr , electrans can tunnel through the barrier 

BEEM current 

- = 

surface atoms 

subsurface atoms 

Figure 2.10: In Ballistic Electron Emission Microscopy (BEEM) an STM setup is modified. The mea
sured BEEM current gives information on the subsurface electronic structure of layers and interfaces. 

between this tip and surface. The eiectrons which are injected into the surface, have an energy 
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c) Equilibrium 

Figure 2.11: The Schottky harrier between a metal and a n-type semiconductor. In equilibrium the 
Fermi levels of the metal and the semiconductor coincide. 

narrowly distributed around the Fermi energy (see section 2.3.2) of the tip, and eVr above the 
Fermi level of the surface. The highly energetic electrans in the surface are called hot or ballistic 
electrons. In BEEM, the number of injected hot electrans from the STM tip which reach the 
collector after crossing several subsurface layers and interfaces, is measured as function of the elec
tron energy (see figure 2.10). The energy dependenee of the transmission probability of the hot 
electrans gives information on the dominant scattering processes in the structure, and on harrier 
heights of embedded interfaces and/or insulating layers. Although scattering processes spread the 
hot electron beam during transmission, still a nanometer scale resolution can be achieved. 

Due to the technical problems in measuring very small collector currents ( <100 pA), only a few 
groups in the world report on BEEM measurements. At this moment, most attention is paid at 
the hot carrier transport properties through Schottky harriers which exist at metal/semiconductor 
interfaces. These harriers are commercially very interesting, since they are present in many semi
conductor devices. Some reports have been publisbed on structures with have an extra insuiator of 
Si02 or Ah03 on top of a Schottky harrier (see chapter 3) . In this project BEEM measurements 
are performed on tunnel junctions which have an embedded Al20 3 tunnel harrier , but have no 
Schottky harrier. No reports have yet been publisbed on structures with one single Ah03 tunnel 
harrier. 
In this section, BEEM theory and the physics of transport of (hot) electrans will first be explained 
on Schottky harrier systems. Insection 2.3.5, the transport theory will be extended to BEEM on 
tunnel junctions. 

2.3.1 Schottky harrier systems 

The simplest Schottky harrier system consist of two layers, a metal (e.g. Au, Ag, Co, Pt) and 
a semiconductor (e.g. Si, GaAs) layer. When an n-type semiconductor is brought into contact 
with a metal the Fermi levels will coincide after the transfer of electrans to the conduction band 
of the metal (see figure 2.11). Positively charged donor ions are left behind in the depletion region 
of the semiconductor, that is practically stripped of electrons. A potential harrier arises at the 
metalf semiconductor interface ( table 2.1) . 

In figure 2.12, the current flow of hot electrans in a simple Schottky harrier based multilayer 

Table 2.1: Schottky harrier heights, in eV (19) 
Semiconductor Ag Au Co bandgap 

Si 0.6-0.7 0.8 0.65 1.11 
Ge 0.54 0.59 0.66 

GaAs 0.89 0.89 0.8 1.43 
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Figure 2.12: The energy distri bution of hot electrons in the current flowing from the base to the collector 
of a Schottky diode is represented by the gray area's. In the metal base and collector electrons lose energy 
mainly due to electron-electron scattering. The Schottky harrier acts as a filter. Only electrons with an 
energy higher than the harrier height at the base-harrier interface are permitted to reach the collector. 

structure is schematically presented. The vertical axis shows the energy, whereas the horizontal 
axis (z) represents the position in the structure perpendicular to the surface. The gray area's 
represent the energy distribution of the ballistic electrons. 
The current-fiow scenario can be divided into four basic steps [20): (1) injection into the metal sur
face , (2) propagation of the hot electrans through the metallic overlayer, (3) transmission over the 
Schottky harrier at the metal/semiconductor interface, and (4) transport inside the semiconduct
ing collector. The transport properties of the hot electrans and the ballistic electron distribution 
in each region (1-4) are discussed in the next part of this section. It is assumed that the transport 
properties in the semiconductor are (almost) identical to those in the metal layer. Therefore, 
transport through the semiconductor will not be separately discussed. 

2.3.2 lnjection 

In figure 2.13, the three regions (tip, harrier and base) are shown in a two-dimensional projection. 
The horizontal axis is the z direction, perpendicular to the surface. The directions in plane with 
the surface are projected on the vertical axis, so that k2 = k~ + k;. Because Pauli's exclusion 
principle says that electroos injected by the tip can only occupy empty states of the metal, for low 
temperature, tunneling electroos must have an energy E, such that Ebase ~ E ~ Etip· Ebase and 
Etip are the Fermi energies of the tip and the surface. kbase and ktip are the k-vectors belonging 
to the energies Ebase and Etip· Electroos within the gray spherical area of figure 2.13 with an 
k-vector kbase ~ k ~ ktip can participate in the tunneling current, as explained earlier. 
In the base, electroos have a small k distribution and a large kz component perpendicular to the 
surface, just as this is indicated with the arrows in the right side of figure 2.13. This follows 
directly from equations 2.3 and 2.4. Electroos with smaller energies Ez components and have 
exponentially smaller transmission probabilities T through the STM harrier (T ex: exp [ -~ ). 
Secondly, electroos which travel under an angle a: experience a larger harrier thickness d* = 
dj cos a:, which also exponentially decreases their transmission probability (T ex: exp [-dJ). 
In figure 2.12 can be seen that a small number of the injected electroos have an energy higher 
than the Fermi-leveL This results from the spreading in accupation of electron energy states (for 
T > 0 K) as stated by Fermi-Dirac's distribution formalism. 

2.3.3 Transport through metal and semiconductor layers 

In normal polycrystalline or amorphous metals, ballistic electroos with an energy just above the 
Fermi energy can travel over several nanometers before a scattering event occurs. For crystalline 
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Figure 2.13: Electrans with a wave vector k energy between the Fermi's wave vector kF the tip and the 
surface (kbase ~ k ~ ktip) can participate in the tunnel current through the harrier. Their transmission 
probability is dependent on the energy component in the z-direction and the a angle dependent traveling 
distance through the harrier. From the tunneling electrans in the tip, which must have k-vectors within 
the k-sphere (gray area), only the electrans with a positive kz component wil! reach the harrier ( -1r /2 ~ 
a ~ 1r /2) . The verticallines in the tip region represent the z component of the total energy of an electron. 
The electrans cross the harrier over the distance d* = d/ cos a . The current density of electrans in the 
base with an angle a of incident and Ez is represented by the density of arrows with angle a and a length 
kz. 

metals, this length can be much longer, up to tens of nanometers. Apparently, the scattering rate 
is dependent on the number of scattering opportunities in the materiaL 
In highly ordered metals, the electrans can travel in channels around a crystal axis where few lat
tice atoms obstruct their way. When interaction with lattice excitations is limited (at low energies 
and low temperatures), and few lattice defects are present, the transport is mainly reduced by 
inelastic electron-electron scattering. 
In less ordered materials, atoms are more randomly distributed, and the lattice offers extra scat
tering opportunities at its defect sites and electron transport is more strongly reduced. Except for 
inelastic electron-electron scattering, the various scattering processes between ballistic electrans 
and lattice excitations and lattice defects are strongly dependent on temperature and/or electron 
injection energy [21]. 
The probability T of ballistic electrans to travel through a metal without scattering is assumed to 
depend exponentially on the thickness d of the layer. 

T ex: exp (-dj ÀB), (2.12) 

where ÀB is the characteristic attenuation length [22]. In genera!, electron transport in the metallic 
layers is limited mostly by electron-electron scattering, electron-pbonon scattering, and electron
defect scattering. For very high energies the transport can even be reduced by plasmon scattering 
[23]. All mentioned scattering processes will be further explained in the following paragraphs. 

Scattering processes 

For electron excess energies of at least a few me V Electron - electron scattering is the main 
scattering processin any metallic layer [21] . Electron-electron scattering lowers the energy of the 
electrans considerably. Due to the comparable mass of two electrons, the scattering is inelastic. 
A scattering event between a ballistic electron moving towards the collector and a bulk thermal 
electron on the average lowers the hot electran's energy with approximately 50% for every collision. 
Eventually, for thick enough metallic layers, a hot electron relaxes to the Fermi level and becomes 
a thermal electron. If the relaxation length is larger than the thickness of the base, electrons can 
reach the Schottky harrier as ballistic electrons. 
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Figure 2.14: a) optica! and aucoustical waves in a diatomic linear lattice, illustrated by the partiele 
displacements for the two modes at the same wavelength. b) optica! and aucoustical branches of the 
dispersion relation for a biatomic linear lattice, showing the limiting frequencies at k = 0 and k = 1rja. 
The lattice constant is a. 

In a crystal, the atoms are fixed around lattice points. Due to the thermal energy, this system 
has several vibration modes (phonons), which can interact with free electrans in the lattice (24], 
the so called electron - phonon interaction. Phonons can be dived into two types, the polar 
optica! and non-polar aucoustical modes (see figure 2.14a) . Both modes have a different effective 
mass m (see figure 2.14b). 
Due to the relatively large effective mass of the aucoustical phonons (ma), in a scattering event, the 
momenturn of the much "lighter" electrans can be significantly changed, but (hardly) no kinetic 
energy is lost ( quasi-elastic scat tering). This change of momenturn in duces an increase of the dweil 
time of the electrans in the metallic layers, and even can cause back-scattering from the collector 
into the harrier (see figure 2.15). The large energy or small effective mass (m 0 ) of the optica! 
phonons leads to strong energy relaxation of ballistic electrans with energies close to the phonon 
excitation energy ( quasi-inelastic scattering). Op ti cal pbonon-electron scattering provides little 
momenturn relaxation. 
Pbonon-electron interaction rapidly increases with the kinetic energy of the ballistic electrons. For 
higher electron velocities, the interaction time is shorter and the Coulomb interaction between the 
lattice and the electron is weaker. Pbonon-electron interaction is strongly reduced with decreasing 
temperature, when the thermal energy of the system is smaller. 

electron 

phonon l 
~--

lm, »m,l j )-----------

Figure 2.15: An electron traveling in the z direction interacts with a phonon withak vector in the plane 
perpendicular to z. The electron-phonon interaction changes the momenturn of the electron considerably, 
but (hardly) changesits kinetic energy. 

Electron- defect scattering arises at points where the crystalline structure is disturbed. 
For a amorphous metal lots of defects sites are present. Electron-defect scattering contributes 
largely to the reduction of the hot electron current. The effect of scattering at a defect site can be 
diverse. If an incoming electron feels the defect site as a sudden change in potential, the scattering 



18 2. THEORETICAL BASIS 

is ( quasi)-elastic, but if the electron can excite the defect state, the interaction is deeply inelastic. 
Befare explaining electron- plasman scattering, it should be mentioned that a plasma is 

a medium with equal concentrations of positive and negative charge, of which at least one charge 
type is mobile. In a solid, the negative charges of the mobile conduction electrans are balanced 
by an equal concentration of the positive charge of the fixed ion cores. A plasma oscillation in a 
metal is an collective excitation of the conduction electron gas. A electron passing through a thin 
film couples its charge with the electrostatical fluctuations of the plasma oscillation. The reflected 
or transmitted electron will show an energy loss equal to multiples of the plasman energy nwp· 
Therefore, only electrans with an energy E ~ nwp can interact with the plasma. 
In table 2.2, the plasman energies for Al, Mg, and Si are given. Since plasman excitation energies 
are considerable high, in normal BEEM measurements, where the electron energy is typically 
smaller than 6 e V, no substantial scattering will take place due to electron-plasman interaction. 

Table 2.2: Plasmon energies, in e V [25] 

Material 
Metals 

Al 
Mg 

Dielectrics 
Si 

2.3.4 Interfacial scattering 

Surface Volume 
eV eV 

10.3 
7.1 

15.3 
10.6 

16.4-16.9 

The theoretica! description of current transport through an interface is based on a planar tunneling 
model which assumes parallel wave vector (k11) conservation at a metal/semiconductor interface 
[16]. Fora number of epitaxial metal/semiconductor systems, experimental data have proved that 
this assumption is justified [26]. 

Consicier an interface model which uses two Hamiltonians Ho and JH. Ho describes anideal 
interface for which the interface parallel component of the wave vector is a good quanturn number. 
JH describes the transitions between the eigenstatesof Hamiltonian Ho of the ideal interface. The 
eigenstates of Ho consist of an incident and a reflected part in the metal and a transmitted part 
in the collector. The three components of each eigenstate have the same interface parallel wave 
vector. 
Because tunneling preferentially weights forward-directed states with large component kz, the in
terface parallel component k11 of the wave vector is small for the electrans in the BEEM current 
that reach the interface. If there is no scattering at the interface, the collector current can be 
expressed as the electron flux incident on the surface times a product of transmission coefficients 
for the electron to traverse various parts of the structure, and then summed over the electrans in 
occupied states in the STM tip (see equation 2.5). 
If scattering is included, then at the interface, electrans are scattered between two eigenstates of 
Ho. This process is described by JH. The scattering conserves energy, but not interface parallel 
wave vector. For strong scattering, in the final state of the interfacial scattering process, states 
with a large interface parallel wave vector are occupied with reasonable probability [27]. 

Strong indication of considerable interface scattering, due to imperfect interfaces with defects, 
impurities, non-epitaxiallity etc., is a common condusion in literature. In general, there is a low 
probability of the existence of matching states at both sicles of the interface, and thus most of the 
incoming electrans at the interface have to scatter back into the metal. In section 3.1.2, an ex
ample is presented on the importance of interface properties on the transport of ballistic electrans 
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through Au/Si Schottky harrier system. 

Summarized, the injected current is dominated by hot electrans with energy e Vr and a large kz 
vector perpendicular to the surface. In the metallic layers electron-electron scattering dominates 
in the reduction of electron energy. Pbonon-electron interaction changes the direction of the k 
vector considerably. At the Schottky interface, the parallelk vector is conserved. The probability 
of crossing the harrier depends on the available k11 states in the semiconductor. The amount of 
available states is dependent on electronic structure of the interface and its perturbations due to 
interface defects, non-epitaxiallity etc. Electrans in the metal will have either states matching 
to states across the interface and flow into the conduction band of the semiconductor or will be 
scattered at the interface. The interface will either elastically scatter the electrans into matching 
states of the semiconductor (which results in conduction) or back into the metal. Only a few 
percent of the injected current will finally reach the collector. 

2.3.5 Tunnel Junctions 

In figure 2.16, the current flow of hot electrans in a tunnel junction with two metallic electrades 
and an insulating harrier is schematically presented. The vertical axis shows the energy, whereas 
the horizontal axis (z) represents the position in the structure perpendicular to the surface. The 
gray area's represent the energy distribution of the ballistic electrons. Due toscattering processes 
the electrans lose energy on their way towards the collector. At the harrier the ballistic electrans 
with an energy higher than the harrier height E > if> can conduct into the conduction states of 
the harrier. The transmission of ballistic electrans with a lower energy is almost zero. 
The current-flow scenario can be divided into six basic steps: (1) injection into the metal surface, 
(2) propagation of the hot electrans through the metallic overlayer, (3) transmission through 
the tunnel harrier interface, (4) propagation through the insulator, (5) transmission through the 
second insulatorfmetal interface, and (6) transport inside the metallic collector. Below, only the 
transport in the harrier and through its interfaces are explained in more detail. The other processes 
are already extensively described, before. 

(3) (4) (5) (6) 

VT •---~~=~-- -! _r~ 
~~~~ ~W0Wl"kW0~, EF 

STM-tip harrier base insuiator collector 

Figure 2.16: The energy distribution of hot electrans in the current flowing from the base to the collector 
of a tunnel junction, is represented by the gray area's. Scattering processes in the roetal base and collector 
electrons are identical to those in the Schottky harrier system, and are explained ahove. The Schottky 
harrier is replaced hy a tunnel harrier, which filters electrons dependent on their energy. 

2.3.6 Barrier transport 

Although considerable scattering takes places at the surface and in the metallic layer, some elec
trans will reach the harrier. When appropriate k states in the insulator are available, electrans 
with E > if> can occupy conduction states of the insulator and conduct to the collector. Elec
trans with low energy (E < if>) have to tunnel through the insulator to reach the collector. Sirree 
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tunneling through high harriers is a low probability process, predominantly electrans with a high 
energy will contribute to the BEEM current (figure 2.17). Electrans with k veetors which do not 
match with available states in the insulator, are scattered into matching k states and in a second 
stage may conduct into the insuiator or, alternatively, scatter back into the metal (see previous 
section). 

Below the harrier 

Top of e-distribution 

t 
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Figure 2.17: The curve of BEEM current I versus the tip potential VT can be used to determine the 
height of the harrier inside a tunnel junction. For high bias between tip and surface many hot electrans 
reach the collector (high BEEM current). For low bias electrans have to tunnel through the harrier (low 
BEEM current) . The potential Vih corresponds with the harrier height cp 

The height of the harrier is determined by the difference between the energy of the conduction 
band of the insuiator and the Fermi level of the met al. However, image force can lower the harrier 
considerably (see next section). Also, built-in electrical field effects due to existence of trapped 
charge can change the height in both positive and negative direction depending on the sign of 
trapped charge (see section 2.3.8) . 

A schematic curve of a BEEM measurement is shown in 2.17, where the collector current is 
shown as function of the tip voltage Vr. 
Electrans with an energy below the harrier height have to tunnel through the harrier. Since this 
is a very low probability process, no BEEM current of ballistic electrans is detected (below 1) . 
With raising tip voltage, more and more hot electrans have enough energy to conduct into the 
conduction band of the insuiator and the measured current increases (2) . If all electrans with 
E > <P conduct into the harrier are detected in the collector (no back scattering into the metal and 
charge trapping in the harrier) , the BEEM current is proportional to the number of electrans with 
E > <P at the interface. Without scattering at the surface, in the metallic layer and at the harrier 
interface, the electron density at the interface is equal to the distri bution of the injected electrons, 
and the tail of the electron distribution decays exponentially (see section 2.3.2). The slope of 
the I-V curve is thus exponentially smaller for higher voltages. In practice, since scattering is 
substantial and transmission is energy dependent, rnadeling the energy distri bution of the ballistic 
electrans at the interface is very complex, and quantitive rnadeling of the current as function of 
the tip voltage is almast impossible. When no thermal electrans participate in the BEEM current 
and no secondary electrans are generated, at high enough tip voltage the BEEM current saturates 
( 4), because all injected ballistic electrans can overcome the harrier. 

2.3.7 Image force 

When an electron passes an interface, due to its own electrical field the electron pushes neighboring 
electrans away. If the interface would be a metal/metal interface, the screening length in which 
other electrans can campensa te the induced field, is only in the order of 0.5 Á. For a semiconductor, 
this length can be as large as several micrometers, whereas the i deal insuiator, with an infinite 
harrier height , would even have an infinite screening length, due to its immobile electrons. In 
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a semiconductor or in a non-ideal insulator, the electrical field of the passing electron forms a 
slightly positive boundary layer at the interface. This affects the shape of the original potential 
harrier t/Jo by rounding off the corners and reducing the thickness of the harrier (see figure 2.18a). 
Since the interaction between the passing electron and the induced positive charge distribution is 
similar to that of a partiele with charge -q and a partiele with charge +q, the harrier lowering 
force is called "image force" . 
In figure 2.18b, a tunnel junction with a rectangular harrier is schematically presented. The image 
forces reduce the rectangular harrier profile with a potential Vi(z). The image potential Vi [7] is 
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Figure 2.18: Energy banddiagramsof a tunnel junction at a) zero bias, and b) at positive bias V . The 
dashed line cp(z) represents the harrier profile with image force included. 

given by 
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Vi = - 47r€ 2z + ~ (nd) 2 - z2 - nd ' (2.13) 

where z is the distance of the electron from electrode 1 and d is the harrier thickness. The first 
term is the Coulomb potential at z, originating from the mirror or image charge q0 (see figure 
2.18a) . Charge q0 is mirrored in interface 2 as q1 . The mirror charge q1 introduces a Coulomb 
potential at z and is mirrored in interface 1 as q2 . q2 introduces an Coulomb potential at z, and 
so on. The summation of all induced potentials at z, due to the multiple reflections, is represented 
by the second term in equation 2.13. 
Vi can be approximated by a hyperbalie function 

Vi = -1.15Àd2 jz(d- z) where À= e2ln2j81r€d. (2.14) 

The parameter À is the minimum value of Vi at z = d/2, € is the product of the dielectric constant 
in vacuum fo and the dielectric constant of the insulator. 

The harrier potential tjJ(z) in a harrier with a potential difference V between the two electrades 
and with image potential reduction Vi is (see figure 2.18b) 

tjJ(z) = t/Jo- eVz jd- Vi (2.15) 

The influence of the harrier height lowering can be very large. For example, for a junction at 200 
m V bias voltage with a 15 A Ah 0 3 insulating layer and a static dielectric constant of € ~ 10€o [3], 
according to equation 2.15, the image force reduces the harrier height (t/J = 2- 3 eV) with ~0.3 
eV. 
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In z1 = d1 and z2 = dz, the harrier potential is equal to the Fermi energy of electrode 1 ( cp( z1) 
and cp(zz) = 0). Miniruizing equation 2.15, with Vi as defined in 2.14, gives d1 and d2 

d1 = 1.2>.d/1Jo 
dz = d[1- 9.2>./(34Jo + 4>.- 2eV)]. 

(2.16) 

From d1 > 0 and dz < d, it can he concluded that the potential harrier is formed inside the 
semiconductor or the insulator, and not at their interface with the electrodes. The difference in 
position between the electronic and structural harrier can he as large as several Ángströms. In 
the junction with a 15 Á thick Alz03 harrier, the boundaries have thicknesses of d1 = 0.3 Á and 
d- dz = 1.1 Á. 

In the surroundings of the incoming electron, electrous and ions try to compensate the intro
duced electrical field . The screening effectiveness is reflected in the dielectrical constant. For very 
high electron energies only electrous contribute in the screening and <: is called the optica! dielectric 
constant <:= . For very low energies, the ions in the lattice fully contribute to the shielding. The 
interactions of the electrous with the ions in the lattice (or electron-phonon interaction) can not 
he neglected and <: is called the static dielectric constant <: 8 • In a BEEM experiment, the incoming 
electrous have reasonably large kinetic energy, up to a few e V above the excitation energies of 
the dominant 10 phonon modes [44], which have an energy of only tenths of eV's2 . For these 
moderate energies there is a weak electron-phonon coupling, and <: is called the dynamic dielectric 
constant Eif. 

2.3.8 Charging effects 

In literature, a lot of attention is paid to charging and related degradation processes in SiOz [28], 
[30] and Ta20 5 [29], due totheir application in modern semiconductor devices and thin film capac
itors, respectively. Since thin film Al2 0 3 layers are not so commonly used in large scale commercial 
applications, less research has been done on transport processes in Alz03. However, there are no 
obvient reasous why they can not he described by the same model as for SiOz. Therefore the 
model presented in this sectionis basedon Si02 structures at high bias voltage where all charging 
mechanisms can he operative. 

Injection of hot carriers into oxide layers is known to produce charges in the oxide by trapping 
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Figure 2.19: Model calculation of the effect of a distributed charge u(z) in the oxide on the harrier 
profile for different potentials V. 

of electrous and holes ( explained below), a process that changes the harrier height significantly 
and ultimately leads to failure. Existing models presurne a large influence of local defects and 
inhomogienties on degradation, but only few microscopie measurements are done to verify this 
assumption. In understanding the physics behind these processes, the ability of BEEM to give 

2The energiesof the optica! phonon modescan be measured in photo-emission experiments . In these experiments 
photons are injected into a layer. When the photons have energies liw which correspond to the resonance frequencies 
of the longitudinal optica! phonon modes in the layer, they are absorbed and a minimum in transmission of the 
light through the layer is detected. For Si02 the dominant LO phonon modes have resonant energies of 0.063 and 
0.153 eV [31]. For Ab03 these values ar 0.109 and 0.255 eV [32] 



2.3. BALLISTIC ELECTRON EMISSION MICROSCOPY 23 

information on subsurface structure with a lateral resolution of several nanometers can become 
very important (30] . 

In figure 2.19, a tunnel harrier is shown between two metallic electrodes. The figure shows the 
calculated charging effect on the harrier profile of an i deal rectangular harrier ( the image potential 
is included). The trapped charge (a= 1.6 x 1013 jcm2 ) is distributed over the insuiator as shown 
in the bottorn of the figure . A negative charge raises the harrier height, whereas an equal positive 
charge has an opposite but diminished effect. 

Trap sites can have different physical origin. When electrans have little kinetic energy, the 
traps are mainly created during the fabrication. The harrier quality is strongly dependent on 
the crystal structure of the insuiator (amorphous, polycrystalline or epitaxial) and the number of 
defects in these structures. Besides these pre-existing defects, new trapping sites can be created by 
high energetic electrans tunneling through the insulator. High energetic electrans can exist, due 
to the injection of hot electrans andjor the heating effect of a large bias voltage over the insulator. 
The two most discussed mechanisms are impact-ionization and trap creation. 
In impact ionization the kinetic energy of electrans exceed the band gap energy of the insuiator 
(9 eV for Si02 , 6 eV for Al203), and electron-hole pairs can be created. In this process valenee 
electrans are exited into the conduction band, leaving an unoccupied electron site or hole in the 
valenee band. In trap creation, atoms honds are braken by callision with hot electrons. The free 
ions diffuse and combine with other atoms elsewhere in the insulator, thus creating new defects. 
An example is the breaking of the Si-H honds at Si02/Si interfaces. When the binding energy of 
~ 6 e V can be supplied by inelastic scattering of hot electrons, the released hydragen atoms or 
ions travel to the cathode, where they bond with other hydragen atoms. 
Experimental results on the creation of trapping sites and the infiuence of charge trapping on the 
harrier profile in Si02 is extensively presented in (30], and will be explained in the next chapter. 



3 
Reported results on BEEM 

Since BEEM is a relative new prohing technique of buried layers and interfaces, the number of 
published reports is limited 1 . Most attention is paid on Si or GaAs based Schottky harrier 
systems, but recently attention is shifting towards insulator based structures (A12 0 3 , Si02). This 
chapter is meant to give a review on the progress made in the field of BEEM by discussing several 
representative articles extensively. The references to these articles are given above each section. 
Secondly, the theory of ballistic transport will be applied to explain experimental BEEM-data 
in order to elucidate the abstract theory of the previous chapter. The reader is supposed to 
get a more detailed view on recent measurements and their interpretation, some of the technica! 
problems involved with BEEM, and the number of active research groups dealing with BEEM. 

3.1 Schottky harrier structures 

Early BEEM measurements are performed on different types of metal/semiconductor Schottky 
harriers. Especially Au/Si Schottky harriers are extensively investigated, because Au/Si interfaces 
of acceptable quality can be grown without using an advanced UHV deposition facility. An 
additional advantage is that Au has a low oxidation rate. This can beseen in table 3.1 where the 
reduction potentials for several metals are shown. The oxidation rate is lower for metals with a 
higher reduction potential. Oxide at the surface increases scattering, and reduces the current at 
the collector. A disadvantage of Au is the large mobility of the atoms, which causes modifications 
of the interface. 

Table 3.1: Reduction potential, in eV [3] 
Al ;::: AP+ -1.662 
Co ;::: Co2+ -0.28 
Cu Cu2+ 0.3419 
Ru ;::: Ru2+ 0.455 
Au ;::: Au3+ 1.498 

1The INSPEC database shows only 300 papers with keyword BEEM, whereas 10,000 paperscan be found on 
STM. In the year 2000 only 30 papers on BEEM are published. Of these 30 articles 4 articles are dealing with 
insuiator based structures 
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3.1.1 Interface quality 

-+ W. J. Kaiser, L. D. Bell, M. H. Hecht, F. J. Grunthaner, Appl. Phys. Lett . 55, 780 (1989) 
Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California 
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Typical measurements on the importance of the metal/semiconductor interface on the qual
ity of Schottky harriers are performed by Hecht et. al. [33] . The STM topography pictures on 
Au/GaAs(100) samples are compared with the corresponding BEEM images. It is shown that 
sample treatment is crucial for the Schottky harrier quality. 
In the first treatment, 1~-Lm thick, oxidized, MBE-grown GaAs buffer layers on n-GaAs(100) sub
strates are HCl cleaned in a nitrogen environment, befare a metal top layer is deposited. 
In figure 3.1, the STM image ofthe surface structure, and the BEEM image are shown. The BEEM 
picture is the mapping of the lateral variation in the transmission probability of ballistic electrans 
through the Au/GaAs structure. This probability is predominantly determined by transmittivity 
of the Au/GaAs interface. 
The white area's in the BEEM image are regions with a high transmission probability. A nanometer
scale domain structure is revealed at the interface such that only a small fraction of the interface 
area supports large transmission of ballistic electrans ( figure 3.1) . The large spa ti al variation in 
ballistic electron current can not be explained by varying thickness of the Au toplayer. Also, 
no correlation between features in the STM and BEEM pictures can be found. Consequently, 
the souree of the increased scattering rate in the black area's is identified as the existence of an 
interfacial phase resulting from dissociation of the GaAs substrate. The Ga diffuses into the Au 
electrode, and there is precipitation of an As-rich phase at the interface. 
In the second fabrication method, no chemica! etching of the GaAs layer is performed prior to the 

Figure 3.1: STM and BEEM images of an Au/GaAs Schottky harrier structure fabricated on chemically 
prepared MBE-grown GaAs(100). The STM (upper) and BEEM (lower) images are acquired simultane
ously and display a 510 x 390 A 2 area. The BEEM image is obtained at a tunnel bias voltage of V=l.5 
V and a t unnel current of 1.0 nA. The dark regions show zero detectable collector current (0.1 pA) . The 
maximum value of the collector current shown in this area is 14 pA. 

Au deposition. The Schottky harrier structures exhibits only ohmic behaviour. The interdiffusion 
of the Ga is enhanced for the non-cleaned substrates, as confirmed by XPS spectroscopy. 
In a third system a diffusion harrier consisting of two monolayers of epitaxial AlAs(100), is incorpo
rated between the Au and GaAs layers. The large interface domains which support no detectable 
ballistic electron transport, are eliminated, whereas the band alignment between the Au and GaAs 
is nearly unaffected (harrier height is 0.92 eV). 
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Figure 3.2: Projectionsof Si on the (100) (left) and (111) (right) planes. The points X(+) represent the 
projection of the silicon conduction band minima on the two-dimensional BZ's. 

In genera!, it has been shown that for a large transmission of ballistic electrons over a Schottky 
harrier, a good quality metal/semiconductor is essential. Interditfusion between atoms around the 
interface strongly influences interface properties. 

No correlation is reported on the bulk layer properties of the metal and the semiconductor 
and the collected BEEM current. In other papers, a lot of attention is paid on this subject , 
however. The crystallinity of the whole structure, the toplayer thickness and the existence of 
grain boundaries in the toplayer are shown to have a significant effect on the number of electrous 
crossing the Schottky harrier (see sections 3.1.2 and 3.1.3). 

3.1.2 Conduction states 

-+ M.K. Weilmeier, W.H. Rippard, R.A. Buhrman, Phys. Rev. B 59, 2521 (1999) 
-+ M.K. Weilmeier, W.H. Rippard, R.A. Buhrman, Phys. Rev. B 61, 7161 (2000) 

School of Applied and Engineering Physics, Cornell University, Ithaca, New York 

In BEEM, the ballistic electrous which are injected into surface states, have a narrowly dis
tributed wave vector around k = kz . In a polycrystalline or amorphous metal top layer, many 
inelastic and elastic scattering events take place. The hot electrous which reach the interface will 
have a much larger wave vector k11 parallel to the interface, and a wider energy distribution. Since 
many different electrous states exist in an amorphous or polycristalline semiconductor, the hot 
electrous can easily find matching states across the interface. For strong scattering in the top 
layer, the wave vector distri bution is hardly affected by additional broadening due to elastic scat
tering at the interface. Therefore, for strong scattering in a amorphous or polycristalline structure, 
interface scattering hardly influences the transmission probability and the BEEM current is not 
sensitive for interface properties. 

In some crystalline systems however, the measured BEEM current should theoretically be af
fected byelastic interface scattering, just as this is discussed below for the Au/Si system. 
In the conduction band minima X(+) of Si projected on the (100) interface of Si(lOO), electrons 
with and without transverse wave veetors components are allowed, whereas in the conduction 
band minima projected on the (111) interface of Si(111), only electrous with a large transverse 
momenturn components are allowed (see figure 3.2) . In Si(111) , the lattice obstructs the electrous 
to travel in the [111] or z direction [34]. 
Without elastic interface scattering and with conservation of the transverse momenturn during 
transport over an interface, the Si(111) thus acts as a pass-through filter for electrous with large 
k11 wave vectors. 
If the elastic scattering in the metallic top layer is limited, and the electrous consequently have a 
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Figure 3.3: The projected gold Brillouin zone (BZ) on the silicon (100) (left) and (111) (right) planes. 
The points X(+) represent the projection of the silicon conduction band minima on the two-dimensional 
BZ's. The shaded regions correspond to the distribution of electrous reaching the interface. 

small k11 component when they reach the interface, a significant larger BEEM current is expected 
for Au/Si(100) than for Au/Si(111). For large scattering in the top layer, the ballistic electrous at 
the interface occupy states with widely distributed parallel wave veetors and they easily can find 
matching unoccupied states in both Si(111) and Si(100). A difference in conduction for different 
crystalline orientations should be difficult to measure. 

In many measurements, no sensitivity of the BEEM current on the orientation of the Si in
terface plane have been observed. Explanations invoke increase of transverse momenturn of the 
ballistic electrous due to elastic pbonon-electron scattering, either at the Au/Si interface [22], 
and/or in the bulk and at the surface of the Au overlayer [26] . Lee et. al. (35] corroborate this 
explanation by measuring higher BEEM currents at pointdefectsin fully epitaxial CoSiz/Si(111) 
structures. In this structure, defect scattering supplies the necessary transverse momenturn to the 
ballistic electrous to conduct across the interface into Si(111). 
Weilmeier et.al. do observe different BEEM spectra in Au(111)/Si(100) and Au(111)/Si(111) sam
ples (36] . Since ballistic electrous injected into the Au have a small k11 component (see section 
2.3.2), by conduction band minima it is expected consideration that in the free-electron descrip
tion, where electrouscan have any energy and k11 vector in the Au layer (as long as Pauli's exclusion 
principle is not violated), Au/Si(100) would have a higher transmittivity than Au/Si(111). This is 
due to the larger number of available states in Si(100) for electrous with a small k11 , as explained 
before. In figure 3.4, BEEM images are shown; the injected STM current IsrM=1 nA. In contrary 
to the afore mentioned expectations, for several Si substrates covered by Au layers with different 
thicknesses a significant higher mean ballistic transmittivity is reported for Au(111)/Si(111) sam
ples than for Au(111)/Si(100) samples. 
This apparent contradiction with the theoretica! predictions is explained by Andres et. al. (38]. 

The assumption that the Au overlayer can be considered as a simple free-electron metal is aban
doned, since Au (if more than 5 atomie layers thick) on Si grows in a (111) orientation. Since no 
Bloch electron states2 , from below the Fermi surface to several e V above it, are allowed in a cone 
centered around the [111] direction, electrous injected in the Au layer must propagate at augles 
considerably away from the z direction, if they want to travel ballistically (without inelastic scat
tering) through the metal to the Au/Si interface. In the (111] direction, the atoms of the crystal 
obstruct the path of the ballistic electrons. Thus, the ballistic electrons, even when injected with a 
small transverse momenturn component, will reach the interface in focused beams with substantial 
transverse momentum. The Au band structure it self provides the required transverse momenturn 
for interfacial ballistic transport in the Au/Si(111) system. 

2 Bioch proved that the solutions of the Schrödinger equation for electrans in the periadie potential of a crystal 
lattice must be of a form where the plane wave function (exp[ik · r]) and a function related to the periodicity of the 
crystal lattice are combined. 
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This is schematically shown in tigure 3.3. The two-dimensional Brillouin zones of fee Si are shown 
with their conduction band minima X ( +) projected on the (100) plane (internal square) and (111) 
plane (internal hexagon) [39] . Only in Si(100), electrens with zero transverse wave vector k11 are 
allowed. The gray regions correspond to the distri bution of ballistic electrens at the interface. The 
band structure of Au(111) focuses the electrens in area's around in the center of the Brillouin zone 
of the Si. The maxima of the electron distri bution are denoted by the symbol "•". It can be seen 
that the maxima of the electron distri bution coincide more closely with the band minima X ( +) 
of the Si(111) than with those of Si(100). Therefore, a higher BEEM current is indeed expected 
for the epitaxial Au(111)/Si(111) structure. 

In tigure 3.4, it can be seen that the BEEM image has similar features as the STM image. At 

a) b) 

Figure 3.4: a) STM surface topography and BEEM images of a 200 A Au(111)/Si(111) sample. Images 
are 100 nm x 50 nm and are obtained at Vi=-1.0 V and It=1 nA. The top image is the STM surface height 
(20 A white to black) , the middle image is its calculate surface slope ( white is steep) , and the bottorn 
image is a map of BEEM current. The mean current over the BEEM image is 1.86 pA, which has been 
subtracted form the image to enhance the contrast. The variation from white (high) to black (low) is 1.5 
pA. The absolute BEEM contrast is about 20% b) STM and BEEM images of a 200 A Au(111)/Si(100) 
sample. The 100 nm x 50 nm images are obtained at Vr=-1.1 V and Ir=1 nA. The top image is the 
STM surface height (17 A white to black) , the middle image is its calculated slope, and the bottorn image 
is a map of BEEM current. The mean BEEM current is 2.25 pA, and the total range shown 2.4 pA. The 
BEEM contrast is about 30%. 

step edges at the surface, an increased BEEM current is observed. Since at the surface the band 
structure of Au(111) is disturbed, Bloch states in the (111) direction are not propagated. For 
a nicely flat , crystalline structure, the k-vector perpendicular to the surface is undetermined at 
the surface and thus strictly different from the perpendicular k-vector in the bulk. Therefore, in 
the experimental, non-ideal Au(111) layer with a rough surface structure, surface states which 
are deccupled from bulk states exist ( or in other words: the surface states are strictly orthogonal 
to the bulk states) but non-orthogonal states can be present as wel!. It is reasonable to expect 
that electrens which tunnel into empty surface states wil! have a substantially lower probability 
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of reaching the interface before scattering inelastically than those electrons which tunnel directly 
into bulk states. This can explain the increased intensity of the BEEM current at the atomie 
steps and grain boundaries compared to that in flat surfaces, where the density of surface states 
is higher. Another explanation can be that due to different surface geometry at the grain edges, 
the local transverse momenturn of the injected electrons is increased and thereby the probability 
of interfacial transmission enlarged. 

Similar results on the increased density of surface states in flat area's on Cu/ Au, Ag/ Au, and 

Figure 3.5: a) STM surface topography (3.5 nm white to black) and b) BEEM image of a Au (10 nm) 
I Cu (3.5 nm) I Au (3.5 nm) I Si(100) sample. Images are 50 nm x 50 nm and are obtained at Vr=-1.0 
V and IsrM=1 nA. The mean current is 4.8 pA, the variation 4.1 pA. The arrows indicated area's where 
the BEEM current is increased, without correlation with the surface structure, as a result of an decreased 
density of surface states. 

Au/Cu/ Au bilayer and trilayer (111) films on Si(lOO) and Si(111) substrates have been reported in 
[40]. Figure 3.5b shows the increase of BEEM current, indicated by the white lines, in area's where 
the density of surface states in decreased (figure 3.5a) due to step edges and grain boundaries at 
the surface. 

3.1.3 Scattering in metallic layers 

--+ R. Ludeke and A. Bauer, Phys. Rev. Lett. 71, 1760 (1993) 
IBM T.J. Watson Research Center, Yorktown Heights, New York 

--+ L.D. Bell, Phys. Rev. Lett. 77, $893 (1996) 
Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California 

The propagation of hot electrons in metallic layers is strongly reduced by elastic and inelastic 
scattering processes, as explained in section 2.3.3. By measuring the BEEM current IBEEM 

through a metal/semiconductor sample as function of metal thickness t and electron energy E 
the perpendicular attenuation length ÀB for electron transport normal to the interface can be 
obtained from [22] 

(3.1) 

where lsrM is the injected current, r 0 is the transmission function through the collector, and pis 
the probability of electrons to reach the metal/semiconductor interface. The first term of pis the 
probability of ballistic passage through the metal without scattering and the second term is the 
product of the probability of elastic scattering and of surviving n::: (2d/ Àe) 2 [22] elastic scattering 
events before reaching the interface. The parameter d is the film thickness, and 1/ ÀB = 1/ À;+ 1/ Àe 

where À;(E) and Àe(E) are the inelastic and elastic free-mean path respectively. 

The perpendicular inelastic and elastic free mean path are determined for Pd/Si(111) and 
Pd/ (Si(100) structures, by fitting the collector current versus film thickness curve with equation 
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3.1 (see figure 3.6a) . lt can he seen in the inset that Àe and Ài are strongly dependent on the 
energy of the ballistic electrons. 
In an artiele of Bell et. al. [26], a series of BEEM spectra is obtained for Au/n-Si(111) samples 
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Figure 3.6: a) Attenuation of the collector current lBEEM with Pd thickness for indicated tip biases Vr . 
The solid lines are fits to the data with equation 3.1 with the free-mean path thus obtained in the inset 
[22] . b) Experimental BEEM spectra (circles) obtained for Au/Si(111) samples at a tunnel current of 1 
nA. Solid lines are fits to data points at V~ 1.2V. 

with varying thickness, both at room temperature and at 77K (see figure 3.6b) . The increasing 
inflection of the data with higher tunnel voltage results from an increasing contribution from 
inelastic scattering in the Au with energy E [41]. 
1t is assumed that at low temperature, the elastic mean-free path for electron-pbonon scattering 
is strongly increased, such that electron-pbonon scattering can he neglected in the analysis of the 
77K data. At 77K, the spectrum shape changes strongly with increasing Au thickness and the 
apparent threshold voltage Vfh increases from 0.88 to 0.94 V. This indicates a smaller transmission 
probability for thicker Au layers. In the thin Au film, electrans are able to make several passes 
through the film before being removed by inelastic scattering. The momenturn (and parallel wave 
vector ku) of the electrans is randomized by surface and interface scattering, which allows many 
more electrons to conduct into the collector. For thick Au layers, fewer electrons are able to make 
multiple passes and the average momenturn randomization decreases. Only electrans with initially 
matching transverse k-vectors are allowed to cross the interface. For this reason, it is assumed that 
the 77K/300 Á Au curve is identical to curves measured on structures in the theoretica! absence 
of elastic scattering. The low-temperature observations put limits on the allowable value of the 
inelastic free mean path Ài . 

For high temperature (T=293 K) electron-pbonon interaction becomes a more dominating elastic 
scattering process than interface/surface reflection. Especially for the thicker layers electron
pbonon interactions mainly randomize the injected electrons. No serious spectrum changes can 
he seen for the thinner layers. The threshold voltage changes from 0.88 to 0.89 V. Since inelastic 
electron-electron scattering reduces the energy of a ballistic electron considerably, for thick Au 
layers the detected electrans are assumed not to have participated in any inelastic scattering 
event. lt is assumed that inelastic scattering is not temperature dependent. The high-temperature 
observations put limits on the value of the elastic free mean path Àe. 

lncluding the considerations and limitations for Àe and >.i as presented above, the best fit of 
equation 3.1 through all measured BEEM spectra yields, Ài= 22 nm and Àe=40 nm, respectively. 
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In a similar way, ÀB, perpendicular to the interface, has been measured for PtSi and CoSi2 thin 
films using metal/Si structures (see table 3.2) . All attenuation lengths in the base are measured 
in the energy range between the Schottky harrier height and a few e V above the Fermi energy, 
when secondary carriers do not contribute to the BEEM current (due to impact ionization) . Since 
detected BEEM currents are highly dependent on available conduction states and thus on the layer 
and interface qualities of samples, measurements on different samples give dramatic variations in 
hot electron transmittance and in resulting calculated parameters as attenuation length, Schottky 
banier height etc. It should therefore be mentioned that reported values for attenuation lengths 
can vary within a range of± 50%. 

Table 3.2: Attenuation lengths, in nm 

Au 22 40 13 
Pd 13 11 7 

PtSi 4 17 
CoSi2 on Si(111) 0.6 
CoSi2 on Si(100) 0.3 

3.1.4 Imaging magnetic domains 

(26], [47] 
(22] 
[54] 
(35] 
[35] 

-+ W.H. Rippard, and R.A. Buhrman, Appl. Phys. Lett 75, 1001 (1999) 
School of Applied and Engineering Physics, Cornell University, Ithaca, New York 

Driven by the discovery and application of the novel transport properties of magnetic mul
tilayer systems, e.g., magnetic tunnel junctions, there has been a great deal of interest in the 
magnetic structure of thin ferromagnetic films. While much information on the microscopie prop
erties of these films are gained from rnadeling their transport properties and their magnetization 
curve behavior, there have been little investigation of the relative magnetization alignments of 
ferromagnetic films in multilayer stacks in a magnetic field . Techniques that can directly im
age the magnetic structure of films are of limited resolution, or cannot be used in the presence 
of a magnetic field [56] . In this artiele of Rippard and Buhrmann, Ballistic Emission Magnetic 
Microscopy (BEMM) measurements have been performed on Co/Cu/Co trilayers , showing their 
magnetization behavior in complete field cycles. 
In BEMM, a variation of BEEM, multiple thin ferromagnetic films are grown on a semiconductor 
substrate. The ballistic electrons, locally injected by an STM tip, travel through the multilayer 
film and are measured in the collector. The BEMM image is a spatial map of the ballistic current 
through the multilayer film . Contrast in these images is due to local variation in the relative mag
netization alignment between the Co films. When the films have a parallel alignment, the BEEM 
current is maximal, whereas when the films have antiparallel orientation, the BEEM current is 
minimaL This results from a large difference in the hot-electron attenuation lengths for majority 
and minority electrans [18]. 
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Figure 3. 7: a-h) Set of BEMM images (2.5JJ.m x 2.5 JJ.m 2
) taken at a fixed position in a varying H field , 

applied parallel to the film plane. The 30 A Co/45 A Cu/30 A Co/9 A Cu/75 A Au/Si(lll) multilayer 
film is thermally evaporated. The images show the magnetic structure in (a) the as-prepared state , and in 
fieldsof (b) H=30 Oe, (c) H=40 Oe, (d) H=60 Oe, (e) H=O Oe, (f) H=-30 Oe, (g) H=-70 Oe, (h) H=O 
Oe. Currents are presented in a linear gray scale from 0.5 pA (black) to 2.5 pA (white) . Vr = -1.5V and 
I sTJ\.1 =5 nA. 
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In figures 3. 7a-h a series of large area (2.5J.Lm x 2.5 J.Lm2) BEMM images are shown on an 
evaporated 30 A Co/45 A Cu/30 A Co/9 A Cu/75 A Au/Si(111) sample taken at a fixed position 
in a varying H field, applied parallel to the film plane. In the trilayers, magnetic domains are 
visible which change in size and shape when the applied field is sweeped in a cycle. The transitions 
between the regions of magnetic alignment and misalignment ( domain walls) are found to occur 
on many different length scales. In genera!, domain walls are very narrow and quite wide, with 
the most typical domain width being ~100-200 nm. 

3.2 Insulator-based structures 

The second part of this chapter concerns recent reports on measurements on insuiator based 
structures, with Si02 or Ah03. In the previous part it has been shown that transmittance of a 
metal/semiconductor is high enough to achieve a collector current (pA's) which is well above the 
background noise level. 
When BEEM current is measured on a insuiator system, it is expected that much smaller currents 
are measured than on simple Schottky harrier systems with one interface. This can easily he 
understood since the insuiator system has at least three layers and additional interfaces, where 
strong scattering centers for hot electrans exist. When a potential field is applied across the 
insulator, the effect of harrier height raising by trapped excess charge (see section 2.3.8) in the 
insuiator is decreased the BEEM current is larger. However, also the background (or leakage) 
current of thermal electrans which tunnel through the harrier, increases. This makes it harder to 
measure the small current of ballistic electrons. 
By thermal oxidation of Si thick Si02 harriers with reasonably good quality ( 4>=4.0 e V) are formed. 
Because tunneling is proportional to both harrier height and harrier thickness (see equation 2.6), 
using thick Si02 harriers considerably reduces the current of thermal electrons. In order to reduce 
the leakage current with a same factor, a much thicker Al20 3 harrier (with a harrier height of only 
2.0-3.0 eV) must he grown. This increases the probability of defect sites. Therefore, in the few 
reports publisbed on BEEM on Al203 based structures, an additional Schottky harrier is added 
to the tunnel harrier system. Although an additional interface is inserted, the leakage current is 
assumed to he more strongly reduced than the BEEM current. 

3.2.1 Si02 based structures 

In integrated circuits, the active element density is a hot topic. According to Moore's law every 
18 months the density is doubled. The fundamental physicallimits in the fabrication process are 
rapidly reached. The smallest but crucial cantrolling feature of these circuits (eg. nanotransistors) 
is the thin, insulating Si02 layer, the gate oxide, with currently a thickness of about 8-10 oxygen 
atoms (2.0-2.7 nm). Due to this commercial and the technica! considerations mentioned above, 
80% of all publisbed papers on BEEM on insulating layers deal with investigation of transport in 
Si02 layers and related subjects as oxide breakdown . An overview is presented below. 

-t R. Ludeke, E. Cartier, and A. Schenk, J. Vac. Sci. Techno!. B 17, 1823 (1999) 
IBM T.J. Watson Research Center, Yorktown Heights, New York 

In section 1.3.8, it has been shown that trapped charges can alter the shape of the harrier 
profile (see figure 2.19). The principal effect of the presence of oxide charge on a BEEM spectrum 
is a shift of the threshold voltage, which gives a direct indication of the harrier height. Ludeke 
performed measurements on Pd/Si02/Si tunnel junctions and generally observed negative charge 
only in oxides having thicknesses of ~ 4 nm and above. Positive charge is observed for oxides with 
a thickness below 4 nm. The reason for this behaviour is attributed to detrapping of the negative 
charge. The negative charge that resides in the Si02 band gap is able to tunnel into empty states 
of either the metal or the Si substrate. First, the observation of negative charge in thicker oxides 
is discussed. Later on, also the observation of positive charge in thinner oxides is discussed. 
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Electron traps in thicker oxides 

In figure 3.8a, sequentia! BEEM spectroscopy measurements are shown, performed on the same 
spot of a tunnel junction with a 7.1 nm thick Si02 layer. Aftereach scan, the threshold (represented 
by the vertical dashed lines) shifts, indicating an increased harrier height due to the filling pre
existing traps. After scan 8, the shifting is subdued and the filling of the traps is saturated. The 
increasing threshold indicates that the pre-existing traps are electron traps (see section 2.3.8). 
The net shift after saturation is about 1 eV, but varies from sample to sample, as well as on a 
local scale of the order 5-10 nm [55) . 

After saturation of the pre-existing traps, in additional spectroscopy measurements, electrons 
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Figure 3.8: a) BEEM spectrafora 7.1 nm thick oxide taken sequentially on the samespot of the sample. 
The tip bias IVrl was kept below 6 V to suppress the generation of new traps. IsrM = 2 nA. The vertical 
dotted bars mark the thresholds. The spectra were shifted vertically for clarity. b )Threshold energy in a 
7.1 nm thick Si02 layer induced by trapped electrons, as a function of the tip voltage Vr. A second onset 
of shifts near 2 e V corresponds to the generation and filling of new traps. 

with an energy higher than 6 eV, are injected. In figure 3.8b, the threshold energy when all 
existing electron traps are filled, is presented for two samples as function of the maximum tip 
voltage Vr during the spectroscopy measurements. When the maximum tip voltage is below ::::i 5.9 
V, only pre-existing traps are filled. Electrons with an energy higher than ::::i 5.9 eV can generate 
new traps. The second onset in threshold energy results from the filling of these new electrons 
traps. The threshold shifts vary from location to location, an indication of local fluctuations in 
the density of generated defects. Trap creation occurs when electrons with an energy greater than 
2 e V release hydrogen atoms from defect states near the Si anode interface. The very reactive 
hydrogen atoms have bonded the Si in the time span before the oxidation of the substrate was 
started. After the Si-H bond is broken, the mobile H can move to the cathodefoxide interface, 
where they combine with other H atoms, thereby creating additional defects [28). 

At high electric fields, electrons create mobile holes in the oxide bulk by means of exciting an 
electron from the valenee band to the conduction band. This is called impact ionization. Some 
of the holes are trapped near the anode, where the kinetic energy of the electrons is largest, but 
most of the holes move under the applied field to the cathode-oxide interface where again some 
are trapped in energetically "deep" sites (believed to be due to oxygen vacancies [43)). Some of 
the injected electrons from the cathode recombine with these trapped holes producing interface 
states and traps near the cathode. For impact ionization in Si02 and Al20 3 , or hole-electron pair 
creation, an electron needs an energy which exceeds the band gap energy of 9 eV for Si02, and 6 
eV for Al20 3 respectively. 
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Positive charge in ultrathin oxides 

In contrast to the thicker oxides just discussed, electrical stressed oxides having thicknesses less 
than 4 nm, do not exhibit a change in threshold that can he attributed to accumulation of negative 
charge in the oxide. The lack of a measurable threshold shift, shown in figure 3.9a, suggests 
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Figure 3.9: a) BEEM spectra of a 5 nm thick Pd/ 2.8 mm thick Siû2/ n- Si(100) structure: prior to 
electrical stressing (open circles), after injection of 19 nC (open triangles), and following injection of 41 
nC (solid triangles). The stressing was carried out with zero bias voltage (V) over the structure. The tip 
voltage was Vr= -13 V. The tip voltage imparts the electronsin the oxide with a kinetic energy of 9 eV. 
The inset shows a representative spectrum of stressing current vs. time at the same levels of Vr and V 
after injecting a charge of 21.6 nC. b) Calculated effect of a sheet of positive charge u+= 5 x 1012 /cm2 

on the lowering of the harrier height, with and without correction for the image potential. 

that any charge, if present, is positive and must be located near the oxide/semiconductor (0 /S) 
interface, where its infl.uence on the harrier height is largely suppressed by image force effects. In 
figure 3.9b, the calculated effect of a positive sheet charge er+ = 5 x 1012 / cm2 , placed at 0.2d 
from the oxide/semiconductor interface, is shown. When image forces are included (the lower 
two curves), the calculation indicates that the ad dition of positive charge near the 0 /S interface 
decreases the the harrier height only with 0.04 eV. 

3.2.2 Al20 3 based structures 

-+ R. Ludeke, M.T. Cuberes, and E. Cartier, Appl. Phys. Lett. 76, 2886 (2000) 
-+ R. Ludeke, M.T. Cuberes, and E. Cartier, J. Vac. Sci. Techno!. B 18, 2153 (2000) 

IBM T.J. Watson Research Center, Yorktown Heights, New York 

The transport properties of hot electrans through a 8 nm thick Al20 3 insulator were inves
tigated. Al203 layers were grown on n- and p-Si(100) substrates and covered with 3 nm thick 
W-dots. 
In figure 3.10 the BEEM current through a W / Al20 3/Si structure is measured as function of 
the tip voltage Vr. The spectrum is the average of 20 similar spectra taken over a rectangular 
grid, with points separated by 20 nm, and covering an area of 100 x 100 nm2. The spacing is 
a precaution to avoid the possibility of beam-induced trap formation and charge trapping which 
affect the thresholds of spectra taken nearby, as observed in Si02 layers (55]. The spectrum has a 
threshold at 3.6 V, above which the curve rises monotonously. 
A comparative spectrum has been measured on a 10 nm thick Si02 based structures. This curve 
has a substantially larger intensity, as well as a pronounced feature near Vr = 6 V (see figure 
3.10). This peak is due to the onset of strong acoustical phonon scattering (44] ~ 2 V above 



36 3. REPORTED RESULTS ON BEEM 

the threshold, which causes hot electrons to scatter back into the metal, thereby reducing the 
transmitted current. lts absence in the Ah03 spectrum could suggest reduced electron-acoustic 
phonon scat tering. Alternatively, the much weaker speetral intensity, compared to that of Si02, 
also suggests a substantial increase in random disorder scattering that may suppress any evidence 
of phonon scattering [45]. 

Vih was measured as a function of the voltage V over the structure (between the W and the Si 
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Figure 3.10: a) Representative BEEM spectra on W /8 nm thick Si02/Si(lOO) and Pd/10 nm thick 
Ab03/Si(100) structures. b) Threshold energies for 8 nm Ab03 oxides on n- and p-type Si substrates 
plotted against the root of the oxide potential. 

layers). In figure 3.10b, the threshold voltage Vih is plotted against vH2
' the calculated potential 

over the oxide as aresult of the applied voltage V. The average harrier height can be derived from 
the zero bias intercept and equals 3.90 ± 0.03 eV. 
In the first order approximation, the image force potential (see section 2.3. 7) is given by Vi = 
- e2 /(167rEoEiJZ) . The harrier potential (equation 2.7) becomes maximal when d4;jdz = 0 or 
Vi = (qV0 x/47rEoEifd) 112. When the curve Vih vs. Vox is fitted with the latter expression for Vi, 
the dynamic dielectric constant can be obtained, Eif = 1.89 [46]. This value is comparable with 
the optical dielectric constant €00 ~ 2 [31] , but is considerably lower than the static dielectric 
constant Es ~ 9. Remember that for Eif = Es there is astrong coupling between phonons in the 
oxide and the ballistic electrons and for Eif = €00 there is no phonon-electron coupling (see chapter 
1.3.7). Since €00 ~ Eif << €8 , it can be concluded that there is limited interaction in the Ah03 
between the electrons with an energy just above the insulator harrier and the longitudinal optical 
(10) phonon modes, which have small excitation energiesof only 0.109 and 0.255 eV. Due to the 
smaller Eif for Ah03, the harrier lowering due to image force effects are much larger for Ah03 
(èl.cjJ = 0.64 eV [45]) than that for Si02, for which Eif = 2.74 [42]. 

-+ W.H. Rippard, A.C. Perrella, and R.A. Buhrman, to be published in Appl. Phys. Lett. 
School of Applied and Engineering Physics, Cornell University, Ithaca, New York 

In this artiele by Rippard and coworkers, BEEM topography scans on Al203 based structures 
are presented. The BEEM images are taken on an evaporated 30 A Cu /12 A Co / Ah03/12 A 
Co/75 A Au/Si tunnel junctions at a tip voltage Vr = -3 V; the injected current IsrM is 1 nA. 
The ultrathin Ah03 layer is grown on top of the Au/Si Schottky harrier to decrease the leakage 
current of thermal electrons. For the thin oxide layer, significant variations in the transmission 
probability of the ballistic electronsis observed (see figure 3.11). The BEEM current varies between 
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0 fA (black) and 1.5 pA (white). The average threshold voltage is approximately 0.9 V, which 
corresponds to the Schottky barrier height of Au/Si (<P=0.8 eV). For the thick oxide layer the 
BEEM current is more uniform over the measured area. The BEEM current varies between 0 fA 
and 250 fA. The average threshold is 1.2 eV. 
It can be concluded that for thin oxide layers, the insuiator is not completely covering the Co 

Figure 3.11: BEEM images of structures with a 4.5 A thick Al2Ü3 harrier (top) and a 6.5 A thick Ah03 
harrier (hottom). For hoth images Vr=-3 V and IsrM=l nA. 

layer beneath and pinholes exist. In these pinholes, the threshold is determined by the Schottky 
barrier. For thicker oxide layers, no pinholes exists, and the threshold corresponds to the insuiator 
barrier height. 

3.3 Conclusions 

In this chapter, recent reports on BEEM on structures with a Schottky barrier andjor a tunnel 
barrier have been discussed. It has been shown that the quality of a barrier is strongly determined 
by the quality of the barrier interface(s). The transmission probability of ballistic electrans is 
strongly determined by the crystalline orientation of all layers in the system. Electron-electron, 
electron-phonon, and electron-defect scattering strongly broaden the k distribution of the injected 
electrans which, in general, lowers the transmission probability considerably. In thick barriers, 
electron traps can exist or be created. Filled electron traps increase the barrier height of the 
insuiator with more than 1 eV. 
In particular, by Ludeke [45]-[22] and Rippard [51], results have been reported on tunnel junctions 
with an Ah03 barrier on top of a Schottky barrier. It is concluded that in Al2 03/(Au/)Si samples 
BEEM current (pA) can be measured. The measured barrier heights range from 1.2 eV to 3.9 eV. 



4 
Experimental setup 

4.1 Introduetion 

In this project, the transport properties of hot electrons through tunnel junctions with an Al20 3 

harrier are investigated by the local prohing technique Ballistic Electron Emission Microscopy 
(BEEM). 
In this chapter, first, attention is paid to the fabrication of the Al203-based tunnel junctions. All 

Figure 4.1: Schematic representation of the BEEM/STM setup. The control unit of a commercial 
Omicron UHV STM is used toperfarm BEEM measurements on a home-built air-BEEM/STM setup. 

junctions have been sputtered by the author, using the "EUFORAC" deposition facility, located 
at Eindhoven University of Technology (TUE). 
This chapter continues with the extensive description of a home-built air-BEEM/STM setup. 
This setup has specially been designed to measure (in air) a very small current of ballistic elec
trons through the harrier ( < 100 pA) on a much larger current background of thermal electrons 
(~ 350 nA) . All measurements reported in chapter 4 have been performed with this equipment. 
Finally, modifications made on the air-BEEM/STM setup are discussed. The improved setup has 
the ability to measure small ballistic currents in low resistance tunnel junctions. 

38 
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4.2 Air BEEM/STM setup 

The BEEM/STM setup used in this project is schematically shown in tigure 4.1. A tip, at con
stant voltage Vr, is at tunnel distance from the surface of a tunnel junction. The injected current 
is slowly modulated (13.78 Hz). A feedback loop constantly changes the tip-surface distance d 
in such a way that the desired current modulation is established. The amplitude of the current 
modulation is determined by the amplitude of an ac voltage supplied to the position control unit. 
The STM head , the sample stage and the electranies for measuring the STM and BEEM current 
are home-built. In the design, important issues are an acceptable BEEM signal-to-noise ratio, and 
convenience in mounting new samples and in aligning the STM tip with the tunnel junction area 
(~ 0.2 x 0.2 mm2 ). 

The control units are part of a commercial Omicron UHV STM data-acquisition system. This 
STM is situated in the characterization chamber of the deposition facility "EUFORAC". This 
Omicron system also stores and processes the measured BEEM and STM data. 
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Figure 4.2: Photograph of the BEEM/STM setup. The STM head, the sample holder, BEEM/STM 
electronics has been placed in , a with springs suspended, metallic container and connected to the Omicron 
data-acquisition setup. 

Figure 4.2 is a photograph of the realized BEEM/STM setup. The STM head and the sample 
stage are placed in a metallic container, which sereens against external electric field fluctuations 
and acoustic noise. The bottorn part of the box contains the electranies used to measure the 
BEEM and STM current. In order to isolate the BEEM/STM system from external mechanica! 
vibrations, the container is suspended by springs. 
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4.2.1 Sample stage 
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Figure 4.3: Picture of the home-built sample carriage. During a measurement, a tunnel junction is 
clamped on the carriage and brought within tunnel distance of the STM tip. 

In figure 4.3, a photograph of the sample holderand the STM head is shown. A tunnel junction 
can be mounted on the carriage, using small plastic clamps. The ground lead is connected to the 
top layer (base) of the junction and the BEEM lead is connected to the bottorn layer (collector) . 
The contact between the leads and the electrades is made by pushing the leads into patches of 
indium, which are bonded to the electrodes. Using the ground and BEEM leads, a bias voltage 
VBI AS of 200 m V is applied over the junction, much smaller than the Al2 0 3 harrier potential. 
The STM tip is fixed to three piezo-elements. These elements manipulate the tip position in the 
x , y , and z direction within a maximum range of 1 p,m. The carriage is positioned on top of a 
glass plate, which belongs to the coarse approach mechanism. 
The sample holder can slide over the glass plate away from or towards the STM tip (z-direction) . 
The glass plate itself can slide parallel to the tip (x-direction). The position of the junction in the 
y direction is determined by the damping procedure. In the first part of the aligning sequence, 
the junction on the carriage is manually aligned within ~ 200p,m of the tip (in every direction) 
by sliding the glass plate and the carriage relative to the tip. The alignment can be checked by a 
(home-built) camera, which zoomsin on the tip-tunnel junction area (see figure 4.2). 
By stick-slip coarse approach ([61], [62]), the carriage is brought within tunnel distance of the tip. 
With the coarse approach also the position of the junction along the x axis can be adjusted. In 
the stick-slip method, expanding piezo-elements fixed under the glass plate force the glass plate 
and the carriage above slowly towards the tip. When suddenly the voltage of the piezo-elements is 
decreased, the elements become quickly smallerand the glass plate moves back. The carriage slips 
on the glass and remains at the same position relative to the tip. Repeating this single stick-slip 
event, in steps of approximately 1 p,m the carriage moves gradually closer to the tip until tunnel 
current is measured. 

4.2.2 Measurement electranies 

In figure 4.4, the schematic representation of the home-built part of the STM (left) and the BEEM 
(right) electranies is shown. In the STM part, the Omicron data-acquisition system supplies a 
voltage VT to one of the inputs of the STM I-V convertor. Sirree there is no potential difference 
between the inputs of an differential amplifier, the tip is also at a potential of VT . Due to this 
potential , a current (IsTM) flows from the output of the convertor, through resistor R1 to the tip 
and into the grounded surface. The potential % at (3) is thus R1 x lsTM = 108 (V/ A) x IsTM 
higher than VT. At ( 4) , the tip potential is amplified by a factor -1 and in (2) added to the 
output voltage of the I-V convertor. If the potential V2 at (2) would be directly supplied to the 
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Figure 4.4: Schematic of the BEEM/STM electronics used to amplify the BEEM current detected at 
the collector of a tunnel junction. 

Omicron system, a large voltage noise which is proportionally to the current and the impedance 
between (2) and the Omicron control unit, is generated. Since a lower impedance decreases the 
noise contribution, a final amplifier with low output impedance is incorporated. 
The BEEM setup is based on the same principle as the STM setup. The potential of the collector 
is determined by the junction voltage VBIAS· This voltage accelerates the electrans towards the 
collector and electron trapping in the harrier is reduced. The amplitude of bias voltage is arbi
trary, but must be much smaller than the harrier height <Pof the Ah03 harrier. If VBIAS ~ </1, 
the transport properties of the ballistic electrans are significantly altered by the voltage over the 
junction. The BEEM current flows through resistor R2 towards the output of the 1-V convertor. 
This current consists of a small modulated part of electrans originating from the STM tip, plus 
a large de current of electrans which have tunneled through the harrier. At (5) the potential Vs 
is 107 (V jA) x lsEEM higher than VBIAS· The output of the I-V converter has a range of ±10V. 
Since the amplification factor of the 1-V converter is 107 , a current up to 1 !LA can be measured 
without saturating the amplifier. With a bias voltage of 200 m V over the junction, this requires 
an integral junction resistance of at least 200 kO (fora linear element). At (6), a de compensation 
voltage is subtracted from V5 to increase the modulated voltage part in V6 • At the final amplifier, 
which lowers the output impedance, the voltage V6 is amplified 10 times. The resulting potential 
VsEEM is supplied to the Omicron system. 

4.2.3 Measurement 

The BEEM current is measured using a technique in which the injected current is modulated. 
Changing only the current which reaches the harrier interface, the energy of the ballistic electrans 
is not changed. Therefore, the transport properties of the ballistic electrons, which are energy 
dependent, are not (significantly) altered by modulation of the injected current. The modulated 
BEEM current from the collector is detected with a lock-in amplifier. During a scan, the data
acquisition system actively controls the tip distance so that the current is modulated with 13.78 
Hz. The Omicron system allows any type of current modulation (from sawtooth to sinusoidal) by 
applying a potential with the same type of modulation on one of its inputs. During measurements, 
the amplitude of the modulation is large and comparable with the mean amplitude of the injected 
current. Since measurements of the BEEM current will be performed in a few seconds, a large 
modulation is necessary to decrease the noise ratio on the signal measured by the lock-in amplifier. 
The tip current is modulated by alternating the distance of the tip to the sample. The tip po
tential is kept constant. The mechanica! movement of the tip puts limits on the frequency of 
modulation. Only at low frequencies, a well controlled (stable) tunnel current is achieved, and the 
surface structure can be measured with (almost) atomie resolution. The noise level in the output 
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BEEM signal of the lock-in amplifier decreases with increasingintegration time, and with higher 
modulation frequencies in the BEEM current. For this reason, a high modulation frequency, when 
the lock-in amplifier can average over many cycles in BEEM current, is preferred. However, for 
high modulation frequencies, instability also affects the BEEM part of the setup. Either the in
jection of ballistic electrons is strongly disturbed, due to the mechanica! movement of the tip, or 
extra noise is generated, due to the varying electric field from the piezo-elements cantrolling the 
tip position. 

4.3 Sample fabrication 

4.3.1 Deposition facility 
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Figure 4.5: Photograph showing the interior of the Kurt J. Leskersputter machine "CARUSO", a part 
of the "EUFORAC" deposition and characterization facility. 

The tunnel junctions used in this project are fabricated in "CARUSO", a Kurt J. Leskersputter 
deposition machine. In figure 4.5, a photograph of the sputter machine in disassembied state, is 
presented. The picture shows the main chamber, the sputter souree plate, and the preparation 
table. A transfer tube to the oxidation chamber, characterization chamber (with, e.g., the STM), 
and the MBE, is connected to the main chamber. The base pressure of the main chamber and the 
transfer chamber is less than 3 x 10-9 mbar. 
Six sourees (or guns) are positioned inthesputter soureeplate which covers the main chamber. 
Each gun contains a target of pure metal (e.g. Ru, Ta, Co, and Al). Below the targets, an argon 
plasma is concentrated by permanent magnets, placed in a concentric ring underneath the target. 
The high-energetic Ar-ions in the Ar-plasma bombard the target and sputter free atoms from the 
target. Under the source, the atoms are deposited on the substrate. The distance between the 
target and the sample is 95 mm. Using an Ar gas flow of 5 cm3 /s, and a sputter power of 10-20 
W de, metallic layers are deposited with a rate below 0.7 Ájs. 
The preparation table has 8 positions in which substrates and masks can be stored. The table can 
be rotated so that each position can be moved under a source. At two of the storage positions, 
samplescan be cooled (cold stage) or heated (hot stage) . Above the hot and cold stage, the mask 
holder can be moved horizontally and vertically. 
The mask holder can lower a shadow mask on the substrate until contact is made. The position 
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of the mask holder is computer controlled. The mask orientation in the mask holder can he 
manipulated by a wobbie stick. The mask plate, the mask which fits in the mask plate and the 
sample holder are presented in figure 4.6. The metallic layers are deposited through the mask 

Maskplate 

Manipulation hole 

Sample holder 

Figure 4.6: The photograph shows the mask plate, the masks, and the sample plate. The masks are 
placed inside the square hole of the mask plate. Since the masks are not fixed to the mask plate and can 
move freely, the mask does not damage the sample when contact is made. During deposition of the Ta, 
Co and Ru layers, the sample plate is located below the mask plate and the metals are deposited through 
the slits in the mask. 

which has slits with a thickness of 100-300 J.Lm . lf the mask plate, between the deposition of the 
bottorn and the top electrode, is rotated by 90 degrees relative to the sample plate, a junction in 
cross-bar geometry is grown (see figure 4.8). 

4.3.2 Oxidation setup 

After deposition of the bottorn electrode through the mask, the harrier layer is prepared. In the 
sputter machine, a continuous aluminum layer is deposited, where after the sample is transferred 
to the oxidation chamber. By plasma oxidation, the layer is oxidized and an Al20 3 harrier is 
formed. Figure 4. 7 shows the inside of the oxidation chamber. The plasma is a steady non
flowing, rotationally-symmetric de glow discharge. During oxidation (in 0.1 mbar 0 2 ) the potential 
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Figure 4. 7: The photograph shows the oxidation chamber with an ignited oxygen plasma (blue) above 
the sample plate. 
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difference between the electrades is 800 V. The current is limited to 15 mA. The distance from 
the center of the plasma to the sample is approximately 35 mm. 
The dependency of the oxidation rate on parameters as plasma-sample distance, plasma current, 
oxygen pressure, oxidation time is not well understood. Knechten [64) has shown that the local 
oxidation rate is not homogeneaus over the layer. The Al layer is oxidized rapidly via grain 
boundaries or amorphous regions, and more slowly into the crystalline grains. For example, the 
oxidation of a 40 Á Al layer is investigated by XPS and ellipsometry measurements. From this 
experiments is concluded that the oxidation rate becomes smaller in time. In 100 s, 70% of the 
Al is oxidized, whereas in the next 700 s this fraction is increased with only 10%. 
During oxidation, additional oxygen atoms are incorporated into the Al layer. This causes an 
increase of the layer thickness. Oepts (63) has determined the difference between the thickness of 
a sputtered Al layer before and after oxidation. It appears that Ah03 layer has a thickness 1.3 
times larger than the original thickness of the aJuminurn layer. 

4.4 Tunnel junction specification 

In this report BEEM measurements are performed on Co/ Al203/Ru junctions. 
The bottorn electrades of 70 Á Co are deposited through the mask and on top of a buffer layer 

Top electrode 
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Figure 4.8: A photograph of a Ta/Co/Ah03/Ru tunnel junction grown in the "EUFORAC" sputter 
machine. The thin lines are the Ru layer. The thick lines are the Ta/Co layers. The Ah03 layer is 
transparent. 

of Ta. The Ta layer has also been grown through the mask. From surface energy considerations 
follows that the Co layer, stacked on the Ta layer, does not form clusters, but grows in a flat layer 
(see appendix B) . If Co would be deposited directly on top of the glass substrate, a very rough 
non-uniform layer with islands would be formed. 
In the next step the entire substrate is covered by 39 - 41 Á Al. Afterwards, the sample is 
transferred to the oxidation chamber. The plasma oxidation takes place in two rounds with an 
interval of three days. In each round, the Al is oxidized for 45 minutes. From (64) follows that in 90 
minutes at least 90% of the Al is oxidized. Although it is speculative that an the extra time delay 
improves the harrier quality and that the very long oxidation time is necessary to oxidize all the 
Al, the main goal has been reached: high resistance tunnel junctions with an integral resistance 
of larger than 200 kf2 have been made. 
After oxidation, the sample is transported back into the sputter machine, and the final 10 - 25 Á 
thick Ru top electrades are deposited through the mask, orientated perpendicular to the bottorn 
electrodes. 
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4.5 AC modification of air BEEM/STM setup 

In section 4.2.2, it has been explained that the BEEM I-V convertor saturates when the junc
tion resistance is lower than approximately 200 kD. Since a normal magnetic junction typically 
has a resistance between 100 n and 1 kD, the Jack of sensitivity for low junction resistances is 
a serious disadvantage. For this reason, the setup is modified. It should be mentioned that no 
measurements have been performed with this setup yet. All results reported in chapter 5 have 
been measured with the unmodified setup (see section 4.2.2), using junctions with resistances in 
the order of several MD's. 

In figure 4.9, the modified electranies are schematically presented. No modifications have been 

STM 

Tip 
voltage 

Low-pass filter 
't' =103Hz 

Junction Compensation 
voltage voltage 

BEEM 

Figure 4.9: The BEEM/STM electronics is modified in order to make it possible to perform measurements 
on low resistance tunnel junctions. Using a !ow-pass filter before the 1-V convertor, the unmodulated 
current flows to the voltage source. The alternating current flows through the capicitor and to the data
acquisition system. 

done on the STM part. In the BEEM part the measured unmodulated BEEM current at the input 
of the BEEM I-V convertor is red u eed. 
The alternating part of the collector current flows through the capacitor (C=6.6 pF) and is con
verted by the I-V convertor. After amplification and buffering, the signa! is detected by the data
acquisition system. The low-pass filter has a cut-off frequency of roughly 1000 Hz (R3 = 10 kD). 
All current alternating with a higher frequency does not pass the capacitor. The de current leaks 
into the voltage souree which supplies the bias voltage over the junction. 
A disadvantage of the system is that the applied voltage at the collector is not well defined. Since 
the resistances of the junction and R3 are in series, the BEEM current flows through a voltage 
divider towards the voltage source. Due to the current flow through R3, the voltage drops over R3, 
and the potential applied by the souree differs from the potential at the collector. If the resistance 
of a junction changes during a measurement, the potential on the collector will also change. This 
could influence the transport properties of the ballistic electrons. However, in a measurement the 
applied junction voltage is very small (VBJAS :::; 200 mV « </J). It is assumed that the electric 
field over the junction is so small that it is just large enough to reduce charge trapping in the 
harrier, but too small to significantly change the transport properties of ballistic electrans through 
an uncharged harrier. 



5 
Results and discussion 

5.1 Introduetion 

Ballistic Electron Emmision Microscopy is a subsurface sensitive technique used to investigate 
the local transport properties of ballistic electrans through a multilayered system with a built-in 
harrier. This project concentrates on the transport characteristics of ballistic electrans through 
Ah03 based tunnel junctions. In literature, BEEM measurements are performed on various types 
of insulator based structures (with Al203 or Si02), but always at the collector an extra Schottky 
harrier is included. Since the Schottky harrier strongly reduces the background or leakage current 
of thermal electrons, this makes it technically easier to measure the small current of the ballistic 
electrons. 
In the next sections, local (BEEM) transport measurements of ballistic electrans through Al203 
based tunnel junctions are presented. We like to add that this is first time that BEEM has been 
applied to a tunnel junction structure without an extra Schottky harrier. Since the tunnel junction 
structures have no embedded Schottky harrier, the structures have less interfaces which act as 
strong scatter centers, and the measured BEEM current can be closer related to the transport 
properties of the Al203 tunnel harrier. 
In order to measure the small current of ballistic electrans on a background of the much larger 
current of tunneling thermal electrons, a modified BEEM technique is used (see chapter 4). In this 
technique the injected current is modulated by alternating the tip-surface distance. The BEEM 
current in the collector is measured with use of a lock-in amplifier. 
All measurements are clone on Co/ Al20 3 /Ru junctions with a harrier thickness [63] of 45-48 A 
Al2 0 3. The thickness is large, compared to frequently investigated harriers with a thickness of 
less than 25 A [65]-[66], to reduce the current of tunneling thermal electrans without significantly 
changing the transmission probability for ballistic electrans with an energy above the harrier 
height (see section 4.2.3). In total 7 sets of 24 junctions are measured. Because the system is very 
sensitive for mechanica! and electronk perturbations, it is extremely hard to achieve good and 
reliable measurements. For this reason only on a couple of junctions within the 7 sets, reliable 
measurements could be achieved. 

46 
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5.2 Large transmission spots 

BEEM topography measurements are performed on a 50 A Ta/ 70 A Co/ 45 A Al2 0 3 / 25 A Ru 
tunnel junction 1 with a integral resistance of 1.6 x 104 Omm2 . The bias voltage over the junction 
is 0.2 V, in such way that electrans are accelerated towards the collector. 
In this measurement, the STM tip scans a total area of 300 x 300 nm2 • At a tip voltage of -1.0 
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Figure 5.1: STM image of the Ru layer of a 50 A Ta/ 70 A Co/ 45 A Ab03/ 10 A Ru tunnel junction. 
The scanned area is 300 x 300 nm 2 . In regions of 300 x 17 nm 2 , the height topography of the layer can be 
seen. Due to large creep of the piezoelements, the individual images in the smaller regions do not align. 

V, 40 nA current is injected into the surface. The area is scanned in 200 horizontallines. In each 
line, the tip distance and the collector current is measured in 200 points. During a scan, the STM 
tip moves back and forth over a line, before continuing to measure on the next line. With a scan 
speed of 4.6 nm/s, scanning one line takes approximately 2 min. Every 12 lines, 17 spectroscopy 
measurements are performed in a total time span of 24 min. The spectroscopy measurements are 
equally spaeed over one 300 nm long horizontal line. Therefore, the effective scan speed of these 
lines is reduced 12 times, to 0.4 nm/s. 
In figure 5.1, the STM picture is presented. The STM picture is measured in AC mode, in which 
the tip distance is modulated with a frequency of 14 Hz. One can see that the image shows non
aligned surface structures in each of the larger horizontal regions (300 x 17 nm2 ). The regions 
are separated by single lines, with another tip distance distribution. The single lines correspond 
to the lines where spectroscopy measurements were performed. Due to long-time spectroscopie 
measurements and a change in scan speed, a strong shift is visible in the image of each strip. 
The cause of the shift may be piezoceramic drift, evolution of the STM tip and/or modification 
of the surface during spectroscopy measurements. The latter effect is very rare and can easily be 
recognized. For this reason, it can be concluded that surface modification is not a topic here. In 
the inset, the image taken from a similar surface without tip-distance modulation (no AC mode) 
is presented. Clearly, the grain structure of Ru can be recognized. The grain size is 10-20 nm. 

1 Reference number C2kl0010 
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The surface roughness is 1. 7 nm. 
In figure 5.2, STM and BEEM images from the region indicated by the arrow in figure 5.1, are 
shown. Both images are simultaneously measured. The STM picture (see figure 5.2a) shows the 
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Figure 5 .2: STM (top) and BEEM (bottom) images in an area of 300 x 17 nm2
, indicated by the arrow 

in figure 5.1 , are presented. No correlation between both images is visible. The line profiles are taken in 
the vertical middle of each image. The surface has alocal roughness of 1-2 nm, whereas the BEEM signa! 
has a range of 0.0-1.2 nA. 

height topography of the Ru surface. Locally, in an area with a radius of a few tensof nanometers, 
the surface has a roughness of about 1-2 nm. Above 150 nm in horizontal direction, the variations 
in the surface height are bigger. The height difference of the surface becomes as large as 14 nm, 
due to local protrusions at the surface. However, on alocal scale camparabie with the grain size, 
still a surface roughness of 1-2 nm is observed. Therefore Ru, deposited 25 A thick, is assumed 
to cover the oxide completely. This assumption is confirmed by resistance measurements of the 
top layer. The sheet resistance of the 25 A thick Ru layer is in the order of 350 Dfcm, much 
larger than the sheet resistance of 25 A thick bulk metals (PRu = 0.3 Dj cm), in which the electron 
transport is limited by defect and phonon scattering and not by the small dimensions of the thin 
film, but camparabie with reported values of the sheet resistance of flatly grown metallic layers 
with the same thickness (67). The roughness is assumed to originate from the substrate roughness, 
increased by the roughness contributions of all bottorn layers (50 A Ta and 70 A Co) and from 
the very rough amorphous Al2Ü3 layer, especially [63]. 
In figure 5.2b, the BEEM image, the white spots represent a high BEEM current (up to 1.1 nA). 
In the black regions, no BEEM current is detected ( < 100 pA). The lateral resolution of features 
in the BEEM image is 10-20 nm. The resolution is limited due to broadening of the beam of 
injected ballistic electrans during transport towards the harrier interface. Broadening is caused by 
scattering at the surface and in the metallic layer, by scattering at the metal/insulator interface, 
and by the continuous lateral tip movement. Most importantly, no correlation can be detected 
between features in the STM image and in the BEEM image. Therefore, it can be concluded 
that the variations in the BEEM current are induced by the subsurface properties of the tunnel 
junction. 
Since electrans in the collector do nothave to cross any additional harrier, all electrans (ballistic 

or thermal) which cross the harrier, will be measured in the BEEM current. The magnitude of the 
collected BEEM current is thus determined by the transport properties of the ballistic electrans 
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Figure 5.3: Schematic of the two top layers of a tunnel junction structure. The Ru layer is grown on 
top of a very rough Alz03 layer. The thickness of the Ru varies locally. In the harrier defects sites 
are incorporated (black dots) . In the bottorn of the image, the BEEM current as function of the lateral 
position in the sample is schematically shown. No correlation can he found with the thickness; a strong 
coupling exists between the BEEM current distribution and the defect site distribution. 

in the thin Ru layer and in the oxidic harrier. 
First, let us consider the Ru toplayer. It is assumed that, locally, the top layer is grown uniformly 
on the rough harrier (figure 5.3). In section 3.1.3, it is shown that for metals, the attenuation 
length À, in which the tunnel current decreases with 1 - c 1 = 63%, is typically in the order of 
several nanometers. Since the Ru top layer has only a thickness of 25 Á, scattering in the metallic 
layer can not explain the huge variation in collected BEEM current (~ 102), as shown in figure 
5.2. 
For this reason, it is assumed that the BEEM current is suppressed hy the harrier and not hy 
the Ru layer. In the tunnel junction, a significant BEEM current is measured at a tip voltage of 
-1.0 V (as mentioned hefore) . If only electrous which did not take part in an (quasi-) inelastic 
scattering event, have enough energy to conduct directly into the insulator, the harrier height will 
he at least lower than 1.0 eV. This is reasonahly low, compared toother non-local measurements, 
in which a Ah03 tunnel junction seems to have an average harrier height of 2.0- 3.5 eV [68] . For 
this reason, it is possihly not only the strong local variation of harrier height that can cause the 
variation in BEEM signal, but also a large local variation in scatter center concentration in the 
harrier. High density inelastic scattering in insulating layers can cause a strong decrease in the 
BEEM current. This is schematically shown in figure 5.3. 
An STM tip injects electrous into a Ru surface. The rough Ru layer, with variation in the lateral 
thickness, is grown on top of an even rougher Ah03 layer. The black dots are scatter centers in 
the harrier. The density of scatter centers increases with the density of the black dots. In the 
BEEM image, placed at the bottorn of the figure, the BEEM current distri bution is presented. In 
horizontal direction, the intensity of the BEEM signal is shown as function of the one-dimensional 
lateral position of the STM tip. It is assumed that scattering in the Ru is (quasi) homogeneaus 
and does not affect the lateral BEEM current distribution. In contrary, inhomogeneous scattering 
in the Al203 can introduce lateral variation in the local BEEM current, even for homogeneaus 
harrier height and harrier thickness. The strong coupling between defect point distribution and 
collected current is schematically shown in the lower BEEM image. In this image, the black area's 
indicate low BEEM current; the white area's correspond to a large BEEM current. Barrier height 
dependency of the BEEM current is not included. 

5.3 Local spectroscopy 

In order to identify whether the BEEM current distribution is caused by variations in defect 
scattering in the insuiator and/or hy variations in the height of the tunnel harrier, spectroscopy 
measurements are performed. Into a second junction, which is grown under identical conditions as 
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the previously discussed junction, 40 nA of current is injected. The thickness of the Al2 0 3 layer 
is 39 Á. A large area is scanned and again spots with increased BEEM current are measured. 
The microscope is focused on one of these spots. In an area of 6 x 6 nm2 , scanned at 3 nm/s 
and a tip voltage of -0.2 V, at random positions 15 I-V curves are measured. Every measurement 
is taken in a time span of 2 minutes, where after the surface scanning proceeds. The average of 
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Figure 5.4: On a sample with a harrier thickness of 45 A, spectroscopy curves are measured. The 
average of 15 curves, randomly distributed over a surface of 6 x 6 nm2

, is shown. A threshold energy of 
1.7 ± 0.1 eV is found . 

15 spectroscopy curves is shown in figure 5.4. The horizontal axis represents the electron energy, 
when injected into the metallic base layer. Since the Ru layer is very thin, it is assumed that 
the electrans in the toplayer do not participate in scattering events before reaching the harrier 
interface. Therefore, the electron energy at the metal/insulator interface is equal to eVr. For 
low energy, the spectroscopy curve shows a small offset· of 0.1 nA. At an energy of 1.7 eV, the 
measured BEEM current suddenly increases rapidly. Above this threshold the current increases 
monotonously. Each step (offset, threshold, monotonous increase) is discussed in the next sections. 

5.3.1 Offset 

At low electron energy, a leakage current of approximately 0.1 nA is measured. This offset can 
not be attributed to the integral leakage of tunneling ballistic electrans (350 nA), because the 
offset value depends on the injection point of ballistic electrans into the sample. Secondly, only 
modulated current is measured by the lock-in amplifier. This eliminates the possibility of a large 
contribution of tunneling thermal electrans in the BEEM signa!. 
In order to explain the origin of the small offset current, let us consider the STM tip which injects 

ballistic electrans into the base of a tunnel junction, as shown in figure 5.5. The tip voltage Vr 
is defined relative to a common ground which acts also as reference voltage to the BEEM voltage 
VBEEM (section 4.2.3). Duringa spectroscopy measurement, the tip distance dis modulated while 
the tip voltage Vr is kept constant. The BEEM current consist of an unmodulated part of thermal 
electrans which tunneled through the harrier, and a modulated part. For low electron energy the 
modulated part of the BEEM signa! has three contributions. 
In the first place, the capacitance contribution. Since the junction has a capacitance (nF), the 
modulated injected current integrally infiuences the charge distribution in the collector. This 
alters the total collector potential with the same frequency .. 
Secondly, the leakage current contribution. In the insulator, defect sites exist where a very low 
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Figure 5.5: Representation of the setup used to measure the BEEM current . Some low harrier leakage 
sites in the harrier are indicated by the gray channels between the base and the collector. VsEEM is the 
amplified sum of the collector potential plus the BEEM current . The BEEM potential VsEEM is referred 
to the same common ground as the BEEM potential. 

harrier is present. At the defect sites low resistance channels with ohmic behaviour can be found. 
When electrans with low energy flow from the tip into the surface and then into the direction of 
the ground point, they can pass one of the low-resistance channels. Here the electric field, due to 
the applied bias potential over the junction, farces the electrans towards the collector. Since the 
injected current is modulated, the leakage current through defect channels will also be modulated. 
Because electrans have to pass a Jow-resistance channel on their way to ground, the contribution 
of leakage current in the offset is dependent on the lateral injection position. 
Finally, the modulated ground contribution. From the current flowing to ground, the largest part 
actually reaches the ground. When the injected current is modulated, the Joading of the ground 
is modulated as well. Since the BEEM voltage is measured relative to same ground as used for 
the STM, modulation of the common ground can generate a modulation in the BEEM voltage, 
measured between the common ground and the collector. There is no dependency on the position 
of the tip above the junction area. 

5.3.2 Threshold 

Above a threshold energy of 1.7 ± 0.1 eV the collector current increases rapidly to 0.85 nA at 
E=3. 75 eV. This is the direct prove of the existence of a Al20 3 tunnel harrier with harrier potential 
<P = 1.7 eV. Since all reported values of the harrier height measured by BEEM (e.g. 1.2 eV [51] 
or 3.6 eV [50]) arebasedon Ah03/Si structures, where the insuiator is deposited on top of a Si 
substrate, this is the first report, in which a Jocal harrier height of 1.7 eV is measured fora Ah03 
based tunnel junction without any extra Schottky harrier. The measured value is much lower 
than usual values (2.0-3.5 eV), which are determined by a Simmans fit on I-V curves integrally 
measured on Ah03 based magnetic tunneljunctions. However, since Simmans equation (equation 
2.7) only roughly approximates the actual tunnel current, for this junction, a Simmans fit might 
also determine a harrier height of 1. 7 eV. For technical reasons, no integral I-V curves could be 
measured on this high resistance tunnel junction and no integral harrier height could be determined 
by a Simmans fit. 

5.3.3 Above the threshold 

Between an electron energy of 1.7 eV and 4.0 eV, the current increases monotonously with the 
electron energy. Apparently, with raising energy more and more electrans can reach the collector 
and contribute to the BEEM signal (see section 2.3.6). 
At a low tip voltage only electrans very close the Fermi level of the tip have enough energy to 
tunnel in the unoccupied states of the top layer; the energy distribution is very narrow. With 
increasing tip voltages, more states in the tip and surface are matching and a braader energy 
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distribution is expected. The meao electron energy increases with the tip voltage, because the 
high energetic electroos near the Fermi level of the tip have a higher probability of crossing the 
harrier. 
When electroos have an energy equal to the harrier height, electroos with matching k veetors 
can travel into the multiple conduction band minima of the (non-ideal) insulator. This amount is 
only a small part of the total number of electroos that reaches the interface. All electroos which 
have lost only a small portion of energy, due to (quasi)-inelastic scattering with phonons or other 
electrons, or have a non-matching k11 vector, are scattered back into the metal. 
With further increase of the tip potential, the BEEM current through the insulator increases. 
Although the energy distribution becomes broader, effectively more electroos have an energy higher 
than the harrier. With increasing energy more, electron states are available in the conduction band, 
and electroos have an higher probability to survive (quasi)-inelastic scattering with a remaining 
energy higher than the harrier height. The BEEM current becomes larger. 
If the tip potential increases more, the electroos can lose more and more energy, and still cross 
the harrier. Eventually, even a fully inelastic callision does not relax the hot electroos below the 
harrier (E ~ 2~) . Now, thermal electroos exited above the harrier can participate in the BEEM 
current. 
When electroos lose energy in multiple scattering events, and thermal electroos do not reach the 
interface with an energy above the harrier height, it expected that the collector current saturates 
for high tip potentials. Now, all injected ballistic electroos reach the collector. 
Extra contributions to the BEEM current are expected when the ballistic electroos have an energy 
higher than the band gap of the insulator (IVTI > 6 V) and hole-electron pairs can be created. 
Dips in the spectroscopy curve are expected when electroos reach energies just capable of creating 
all kind of lattice excitations (phonons, plasmans etc.) 
Since the measured spectroscopy curve does not show any flattening at higher energies, close to 4 
e V, it can be concluded that the electron energy distri bution at a tip potential of -4 V, is at least 
2 eV wide. 

It can be concluded that the BEEM spectra in the high intensity (white) spots are indeed due 
to the local existence of a tunnel harrier. In the spots with low BEEM intensity, this is not so 
obvious. But since the white spots only cover 10% of the total junction area and the total resistance 
of the junction is high (1.6 x 104 Omm2 ), there is no reason to doubt that a closed tunnel harrier 
exists in the total junction area. In the black spots the intensity is lower, either because of a 
higher harrier height or due to increased defect point scattering. It would not be surprising that 
defect scattering plays a major role in the transport properties of the tunnel junction. Most of 
these defects sites are probably created in the plasma oxidation processof the Al-layer (see section 
4.3.2). 

5.4 Charging effect 

The spectroscopy measurements, as mentioned in section 5.3, are repeated in the same area. In 
order to reduce the time between two individual spectroscopy measurements, the STM image is 
scanned with a lower resolution (the number of STM data points is lowered with a factor 16). 
In total 20 spectroscopy measurements are performed. In curve 2 of figure 5.6, the average of 
these 20 spectroscopy measurements is shown. Curve 1 has been discussed in section 5.3. The 
only significant difference between the two sets of measurements (curve 1 and curve 2) is the total 
amount of injected charge into the harrier. At the threshold of 1. 7 e V, a large change in slope is 
detected in curve 1, whereas in curve 2 at 1.7 eV only a very small increase is observed. Above 
3.0 eV, also astrong onset in BEEM signalis observed in curve 2. Above 3.0 eV both curves have 
roughly the same slope. 
The model to descri he the shape of the spectroscopy curves is based on a non-uniform distri bution 
of trapped negative charge, which raises the local effective harrier height (section 2.3.8). This 
negative charge is injected during the first set of measurements. In this series of measurements, 
the harrier was yet unstressed by injected current, and a harrier of 1. 7 e V was measured. During 
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Figure 5.6: Spectroscopy curves on a junction with a 45- A thick Al2Û3 harrier. Curve 1 is identical 
to the one shown in figure 5.4. Curve 2 is measured in the same spot and shows a increase of the the 
threshold energy (3.0 eV). 

the second series of measurements, the harrier is charged, and a larger harrier height is measured. 
This is schematically shown in figure 5.7. 
The large square represents the tunnel harrier with an average harrier height of 1.7 eV. The inset 
shows the area (cirde) in which ballistic electrons are injected. Due to charge trapping in the 
center of the white cirdes, locally the harrier height is raised to 3.0 eV. The distribution of charge 
is so low that in some parts of the insuiator, electrans do not fee! the extra Coulomb potential 
from the trapped charge, but only fee! the presence of the unstressed harrier ( with height 1. 7 
eV). For this reason, a part of the injected current can already conduct into the insuiator when 
the electron energy is above 1.7 eV. The conduction increases sharply when also electrons in the 
white area's have enough energy to reach the conduction band. The influence of charge trapping 
in BEEM experiment on the harrier height has been reported by Ludeke [46) (section 3.2.1). In a 
Pd/7.1 nm Si02/Si sample, a shift of 1 eV in harrier height is observed. 
Since the contribution of BEEM current between 1.7 eV and 3.0 eV is reasonably small (see curve 
2), charge trapping is influencing the harrier height in almast every part of the 6 x 6 nm2 area. 
Since curves 1 and 2 have identical slop es above 3.0 e V, the electron transport into the conduction 
band of the charged and the uncharged harrier might be ( almast) identical. 

It is striking that the harrier height observed in charged harriers is almast equal to values ob
tained from Simmans fits on integral I-V measurements which e.g. show a harrier height of 3.4 e V 
on a Co/ 8Á Ah03jNisoFe2o tunnel junction [68). A condusion might be that in normal integral 
current transport through an Al20 3 harrier, charge trapping is a common process that increases 
the average harrier height up to 1 eV. Since, in genera!, charging of the harrier introduces specific 
features in the integral I-V measurements [69) which can dearly be recognized, this condusion is 
premature. 
In an integral measurement, typically an average current in the order of 1 Ajm2 is injected into 
the harrier. During a BEEM experiment, the current density at the Ru/ Al20 3 interface is much 
larger (about 108 A/m2). If one assumes that a normal tunnel harrier only has a very limited 
number of defect sites, where the local current density can be of the same order as the density 
in a BEEM experiment, this can explain why an integral measurement is not sensitive for local 
charging effects. The number of electrons flowing through the charged area with high harrier is 
below the detection limit. 
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High intensity spot 

Tunnel junction 

Figure 5. 7: The large square represents the junction area. Within this area, ballistic electrans are 
injected by the STM tip (circle). In the harrier area's with different harrier height exist . Some parts 
(white circles) are affected by charging effects which raise the harrier (to 3.0 eV). In other parts injected 
electrans do not fee! the Coulomb potential of the trapped charge and the harrier height is only 1.7 eV. 

Although, there are strong indications that the shift in threshold can be attributed to charging 
effect, this has not been univocally proven. Several measurements can he performed to prove 
the existence of charge in the harrier. For example, it is expected that charging of the harrier 
is dependent on the bias voltage over the junction. Varying the bias voltage could give valuable 
information on the nature of the effect, observed in figure 5.6. Unfortunately, only a limited 
number of good samples was available and elaborate measurements could not be performed. 

5.5 Hot spot distribution 

In previous sections, the dependenee of the BEEM current on the electron energy in a specific 
spot with high BEEM current, has been discussed. In this section a large area of 510 x 510 nm2 

is investigated in order to compare the charaderistics of different spots. 
STM measurements are performed on a 50 A Ta/ 70 A Co/ 48 A Al20 3 / 10 A Ru tunnel junc
tion 2 with an integral resistance of 6.6 x 103 Omm2

• Figure 5.8 shows the STM picture of the 
Ru top layer taken at a gap voltage of -0.6 V. The surface has a roughness of 1-2 nm. The grain 
size is in the order of 20-30 nm. 

The BEEM image in figure 5.8b is taken on a sample from the same set but with a top layer 
thickness of 15 A. The injected current is 7 nA. Each point in the picture represents one spec
troscopy measurement, in which the BEEM current is measured as function of the tip potential. 
The color of each square indicates the magnitude of the BEEM current, detected at a tip voltage 
of Vr = -4 V. In total1600 sequentia! spectroscopy curves are taken in an area of 510 x 510 nm2 . 

This gives the BEEM image a resolution of 12.5 nm, smaller than the grain size. 
The BEEM current at a certain potential Vr is mapped. The resulting BEEM image has been 
smoothed by Fourier filtering. The result can be seen in figure 5.9. Each point represents the 
weighted average of all measured data points in and around this point. In this case, 40 neigh
boring data points determine the average. The area related to this number of data points is 
larger than the grain size and equal to the dimensions of the more global features visible in figure 
5.8. Therefore, all grain-sized fluctuations in the BEEM current are removed from the image. In 
Fourier filtering, the nearest neighbor data points are weighed more strongly than those further 
away. The white circle in figure 5.8 shows the area equal to the number of data points which 
contribute to the average. 

2 Reference number C2k10014 
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Figure 5.8: a) The STM picture of 10 Áthick Ru layer grown on top of 48 A of Ah03. The surface has 
a roughness of 1.7 nm. The grain size is 20-30 nm. b) In an area of 510 x 510 nm2

, 1600 spectroscopy 
measurements are performed. The amplitude of the BEEM current, at VT = -3.5 V, is shown for each 
measurement (smal! squares). In figure 5.9.9, spectroscopy data are smoothed by Fourier filtering. The 
white circle indicates the size of the filtering area. 
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a) VT = -0.3 V 

c) VT = -0.97 V 

e) VT = -1.77 V 

g) VT = -2.43 V 
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Figure 5.9: BEEM images at different tip potentials. The line profiles are taken over the (top and 
bottom) white lines in the images. 
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In each picture, two horizontal white arrows indicate the position of the line profiles, which 
are presented next to the BEEM images. 
In figure 5.9, large local variations in BEEM current are observed. In the scanned area of 
510 x 510 nm2 , the BEEM images show localized features with a scale of 100 nm, much larger 
than the grain size. In genera!, the current intensity of the spots increases with tip voltage. 

In most published articles on tunnel harrier structures, the transmittivity of the harrier is con-
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Figure 5.10: BEEM image at Vr = -2.03 V (see figure 5.9f). At positions A-I, located in the area in 
which all 1600 spectroscopy measurements are performed, the average of 25 spectroscopy curves are taken. 

sidered to be (almost) uniform over the entire junction. Only at the edges of the junction the 
harrier is less well defined and the transmission rate can be different. Consequently, the transport 
of tunneling electronsis also assumed to be nicely distributed over the harrier. Some calculations 
have been clone on current distribution as function of local potential at the electrodes, which can 
vary significantly due to the geometry of the junction and the resistance of the voltage and current 
leads (68]. Figure 5.9 suggests that the assumption of a harrier with one typical harrier height is 
not justified. Non-uniformity of the harrier is obvious from figure 5.9, but a more detailed dis
cussion of the local spectroscopy measure.ments is necessary to explain the physical origin of this 
non-uniformity. Therefore, at typical positions A-I (see figure 5.10), the spectroscopy measure
ments are further analyzed. All curves , presented in figure 5.11, are the average of 25 neighboring 
measurements. 
The curves do not differ by a multiplication factor which can be attributed to the decay of ballistic 
electrons in the Ru layer, but their entire charaderistic shape is different. In the set of curves 
A-I, three different types of spectroscopy curves can be distinguished, categorized with respect to 
their shape and magnitude. The first type is represented by curve D and E. The second type by 
C, B and F. Curve A and I belong to the third type. Curve H and G belong toa mixed type of 
type I and II. The lateral positions with different types of transport properties are distributed on 
a scale of 50 nm. Below, the three different types (I-III) are discussed. 

Type I: high intensity spots 

Curves of type I (D and E) are located directly on the white spots. A high BEEM signal is 
measured (> 0.6 nA) . Consider curve D: above 0.5 eV the current is linearly dependent on the 
tip voltage and the tangent of the curve between 0.5 eV< E < 2.0 eV intersects with the origin. 
This indicates ohmic transport properties for the conducting electrons. 
Since the current saturates above E=2.5 e V, the number of electrons available for conduction 
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Figure 5.11: Average BEEM spectroscopy curves at positions A-H (see figure 5.10). Three different 
types of spectroscopy curves can be distinguished. The first type is represented by curve D and E. The 
second type by C, B and F . Curve A and I belong to the third type. 

must be limited. It has been checked that the saturation level of the electranies is higher than 1.2 
nA. Since saturation is observed, only ballistic electrons, which are available in a limited amount 
(7 nA), and not the thermal electrons, participate in the measured BEEM current. If local sites 
with a very low harrier are available, this explains why only slightly hot electrans can conduct 
into the collector. The low harrier could either be a local Ah03 harrier state which is different 
from the intrinsic harrier state or the harrier which can exist at the insuiator/Co interface. If the 
harrier is overoxidized CoO is formed, which has a harrier height of 25 me V. 

Type 11: intermediate intensity spots 

The measured BEEM current is much lower at positions C, B and F (0.2 nA below E <0.5 eV). 
A threshold energy of 1.5-2.0 eV is measured. This value is comparable to the value measured 
in previous sections (1.7 eV for an uncharged harrier), and only a little higher than the value 
determined by Rippard [51], who measured a harrier height of 1.2 eV. Since the spectroscopy 
measurements were performed in spots 15 nm apart,. it is presumable that the measured harrier 
height is not strongly influenced by charging effects. Therefore, there is a strong indication that 
the non-uniformity of the harrier height is closely related to the presence of different harrier 
states (with different effective harrier heights) at defect states in the harrier. Although these 
measurements are performed on junctions with a thick harrier (48 A Al203), it is possible that a 
general assumption that an amorphous harrier has a constant harrier height, is also not justified 
for thinner harriers. 

Type 111: low intensity sites 

In curves A and I, also measured in dark spots, no significant BEEM current was measured at 
all. Due tostrong defect scattering in the harrier, the energy of the ballistic electrans is efficiently 
lowered. The electrans are scattered into states in the band gap of the insuiator and eventually 
into the valenee band of the harrier. The transmission probability through the tunnel junction is 
strongly reduced. 

Intermediate types 

Curves H and G show a resemblance with the curves of both type I and type II. No obvious 
threshold energy can be measured, but the BEEM signa! is much lower than in curve D and E. 
This indicates that within an area of 25 data points, over which the average has been performed, 
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subregions can he found with either a fully developed tunnel harrier or with defect channel with 
more ohmic behaviour. 

5.6 Conclusions 

STM and BEEM images are taken from a Co/ Al203/Ru tunnel junction. In the STM measure
ment, a Ru surface roughness of 10 nm is observed. The current of ballistic electrons, which travels 
through the Ah03 harrier, was detected and an image of the transparency of the Ru/ Al20 3 in
terface is obtained by mapping the spatial distribution of the BEEM current. No correlation can 
he found between the surface structure and the collected BEEM current. The spatial distribution 
in BEEM current is determined by spatial differences in harrier properties as harrier thickness, 
harrier height, and presence of scattering centers and charge traps in the harrier. The lateral 
distribution in BEEM current can not he explained by only the properties of the Ru toplayer. 

Measurements of the transmission probability through the Al20 3 harrier as function of the 
electron energy, indicate that the harrier has a local effective height of 1. 7 eV. This is the first 
report of a direct measurement of the local harrier height of an Al20 3 based tunnel junction 
structure without an extra Schottky harrier using the BEEM prohing technique. In integral mea
surements on Ah03 based junctions with much thinner harriers, a harrier height of typically 2-3 
e V is determined. 

The height of the measured harrier is increased due to the injection of hot electrons. This is 
attributed to the trapping of charge in the harrier. Trapped charge raises the harrier height with 
more than 1 eV. 

Different locations in the junction area show a different dependenee of the BEEM current on the 
energy of the injected electrons. In some locations on the sample, the current transport is ohmic. 
In other positions, the current transport is not linear with the energy of the injected electron and 
a harrier height 1.5-2.0 eV is observed. The locations with different transport characteristics are 
distributed on a scale of 50 nm. 



6 
Outlook 

In this chapter, recommendations are presented for future investigations with BEEM on (mag
netic) tunnel junctions. 

In chapter 3, it has been shown that the bias voltage applied over a tunnel junction has a severe 
effect on the harrier height, up to 1 eV for Si02 • In this project, the BEEM current dependency 
on the junction voltage dependenee have not been investigated. It is recommended that these 
measurements will be performed in the future, not only in order to determine the harrier height 
as function of the junction voltage, but also to study more extensively the nature of the threshold 
shifts which are observed in section 5.4, and have been attributed to charging of the harrier. 

For future application in magnetoresistive devices, magnetic tunnel junctions must have a low 
resistance, typically between 100 n and 1 kO [65)-[66] . In chapter 5, however, it has been shown 
that BEEM current has been measured on Co/45-48 A Al20 3 /Co tunnel junctions with an inte
gral resistance much higher than 200 kO (i.e., R = 0.6 M- 4 MO). Measuring harrier properties 
on these thick harriers has significant disadvantages. 
Primarily, it is doubtful that the same harrier parameters are valid for thick and thin harriers. 
Related to this is the fact that it is extremely difficult to grow thick Al2 0 3 harriers without in
corporating many defect sites. At these defect sites, charge trapping which is shown to have a 
considerable effect on the harrier height, is concentrated. 
Secondly, it appears to be difficult to fabricate reproducible high ohmic tunnel junctions. This 
makes it hard to make univocal conclusions on the transport processes which play an important 
role in the transmission of ballistic electrans through a tunnel junction. 

Scattering on oxidized surfaces plays an important role in reducing the current of injected 
ballistic electrans which flows through the tunnel junction. In this report, BEEM measurements 
have been performed in air where surface oxidation is probably substantial. In order to decrease 
surface oxidation, all measurements should be performed in situ. Measuring in vacuum has the 
additional advantage that the tunnel current between tip and surface is more stable, and atomie 
resolution can be achieved in the STM images mapping the surface height topography. During this 
graduation project, a commercial Omicron STM, located in the characterization chamber of the 
deposition facility "EUFORAC", has been modified into a UHV BEEM/STM setup (see appendix 
C) . No measurement have yet been performed with this setup. 
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In a tunnel junction, many scattering processes, i.e., electron-electron scattering, electron
defect scattering, and electron-phonon scattering, determine the transport properties of hot elec
trons. Electron-phonon scattering is strongly reduced at low temperatures. lt is suggested to 
perform BEEM measurements at low temperatures, when electron-phonon scattering can be ne
glected. This makes it possible to characterize the individual contributions of the various scattering 
processes on the electron transport properties trough the tunnel junction. 

In this report, BEEM measurements have been performed on tunnel junctions with a very 
thin top layer of non-ferromagnetic Ru ( < 25 Á) which is assumed to grow as a uniform layer on 
the Ah03 harrier. Another advantage of the Ru layer is that Ru, due to the low oxidation rate, 
has limited surface oxidation which minimizes the surface scattering. In order to investigate the 
spin-dependent transport of electrans as function of an applied magnetic field, it is necessary to 
use junctions with two ferromagnetic layers. For magnetic field dependent measurements, a well 
screened BEEM/STM setup should to be developed, so that any stray fields do not influence the 
STM and BEEM current. 



7 
Technology Assessment 

With the discovery of the so-called giant magnetoresistance (GMR) structures, a new area in 
magnetic field sensing devices have been developed. These devices have a much higher sensitivity 
than the usual AMR devices used for read-heads in present-day hard-disks. Recently, many 
investigations have been performed on another type of magnetoresistive devices, the so-called 
magnetic tunnel junctions (MTJ's). Their larger sensitivity may berelevantfora next generation 
of read-heads. Also, magnetic tunnel junctions could be applied in a Magnetic non-volatile Random 
Access Memory (MRAM) which keeps its information without an applied magnetic field (and 
power comsumption). 
Magnetic tunnel junctions consist of two ferromagnetic layers adjacent to a harrier, typically 
thinner than 3 nm. Due to the spin-dependent transport properties of this device, the resistance 
of a MT J changes with the applied field . When the magnetizations of both ferromagnetic layers are 
orientated parallel, the resistance is low, whereas when the magnetizations are aligned antiparallel, 
the resistance is large. 
Although, it assumed that the magnitude of the magnetoresistance effect is strongly determined 
by the interface quality between the harrier and the ferromagnets, little is known of the local 
transport properties of electrans through the harrier and its interfaces. In this project, a Ballistic 
Emission Electron Microscopy (BEEM) setup has been build, which is able to provide explicit 
information of the transport properties of electrans through a tunnel junction, and in particular, 
of the embedded harrier with its interfaces. Since BEEM has the potential of imaging the harrier 
properties with a resolution of several square nanometers, this technique can contribute largely 
in understanding the electron transport of through a magnetic tunnel junction which may be 
extremely relevant for the actual implementation in solid state devices such as MRAM. 
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APPENDix A 
Nanometer scale modification 

-+ Y. Hasegawa et. al., Appl. Phys. Lett. 75, 3668 (1999) 
Institute for Materials Research, Tohoku University, Sendai, Japan 

After the invention of nanometer scale prohing techniques as STM and AFM, a lot of interest 
was aroused in nanometer-scale modification of a structure, perhaps essential for future applica
tions in lithography, memory and recording at high density. In the nanoscale contact between 
a tip and a surface, local chemica! reactions are shown to he dependent on tunneling current or 
electrical field . It is possible to deposite or extract atoms to/from the tip by changing tip bias. 
Most of these processes are irreversible however. Although BEEM is mostly used as a tooi to 
investigate transport properties in harrier structures as e.g. Au/Si, Hasegawa et. al. demonstrate 
in this nice artiele that by use of BEEM one is capable of writing and erasing with nanometer 
spacial resolution. 
BEEM has been performed on 6 nm Au/Si(111) samples at -1.6 V. The gold granular structure 

with a lateral size of 15 nm was measured by STM. A Schottky harrier height of 0.8 eV was 
measured by BEEM. A near uniform BEEM signa! was measured, with small perturbations cor
responding with the grains. When a tip bias voltage of -3.6 V was applied for several seconds, the 
injected electrans induced a modification at the interface. While the STM picture remains almost 
identical, defect sites of with a diameter of 40 nm are created (dark regionsin figure A.1a). At 
these sites no BEEM current was detected. It seems that when interface modification is inflicted, a 
whole grain is modified. When a positive bias voltage is applied, the original modified grain splits 
into smaller parts (A.1 h-e) with either the characteristics of a fully modified or a non-modified 
site. After several scans, the isolated regions merge and the modified interface structure without 
BEEM signa! disappear. The physical process is not fully understood, but is correlated with hot 
electron-induced vacancies or charge trapping at the interface. 
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68 APPENDIX A. NANOMETER SCALE MODIFICATION 

Figure A.l: Serie of STM (left) and BEEM (middle) images during an erasing processof the Au/Si(lll) 
interface. (a) Images taken befare the process and (b)-(e) images taken after every scanning with a positive 
voltage of 1.34V. The size of the images is 47 nm x 47 nm. Schematics shown on the right demonstrate 
a variation of the Au grain structures with the BEEM current contrast together. 
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APPENDIX C 
UHV BEEM/STM setup 

C.l Introduetion 

In this report, all BEEM measurements are performed in air. In Kolier (62], it has been shown that 
scattering on oxidized surfaces contributes strongly in the reduction of current which is injected 
into the metallic toplayer. In order to minimize surface oxidation, during this graduation project 
an in situ STM/BEEM setup has been build. Measuring in vacuum has the additional advantage 
that the tunnel current between the tip and the surface is more stable, and atomie resolution can 
be achieved in the STM images mapping the surface height topography. In this appendix, the 
mechanics and the electranies of the UHV STM/BEEM setup are briefly presented. 

C.2 Mechanics 

In figure C.l, the interior of the modified UHV STM is presented, showing, e.g., the STM tip, 
the BEEM contact leads and the BEEM sample. The substrate has been especially designed for 
BEEM measurements on tunnel junctions. On the substrate, 4 Au strips are ex situ sputtered 
on a glass plate. Successively, in the sputter machine, the leads of the junction are grown in 
cross symmetry over these Au strips, as shown in figure C.2. A photograph of the home-built 
masking system is presented in figure C.3. After fabrication, the junction is transferred to the 
UHV BEEM/STM setup, located in the characterization chamber ofthe "EUFORAC" (view figure 
C.l). This commercial STM has been modified in such a way that when the sample is mounted 
in the STM slot, the four large Au strips on the substrate are contacted with the BEEM contact 
leads. These leads are fixed in the UHV chamber. These leads are used to supply voltages on the 
top and bottorn layer of the junction and to measure the BEEM current though the junction. 

C.3 Electronics 

In section 4.2.2., the measurement electranies of the air STM/BEEM setup has been presented. 
One important aspect of the air system is that both the potential difference over STM-base barrier 
and the difference over the tunnel harrier are referred to one common ground, defined at the base 
of the tunnel junction. 
In the commercial STM system, however, the tip has been grounded and the potential over the 
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Sample 

STM I-V convertor 

Figure C.l: Picture of the interior of the modified Omicron BEEM/STM setup. The sample can in situ 
be transferred to the setup, where it is placed in the slot just in front of the STM tip . In the mounting 
process of the sample in the slot, the Au stripes make contact with the BEEM contact leads, which are 
connected to the BEEM electronics outside the vacuum chamber. 

tunnel junction is thus referred to the STM potential in stead of to ground. Or, in other words, the 
junction potential floats on top of the STM potential (see figure C.4). For this reason, the BEEM 
electranies of the air setup can not be applied in the UHV setup. In figure C.4, three alternatively 
developed electronk circuits are schematically presented. lt should be mentioned that all versions 
are home-built . 
In version C.4a, the 1-V convertor converts the BEEM current into a potential by a factor 107 

[V/ A]. Behind the 1-V convertor, the resulting BEEM voltage is relative to sum of the STM voltage 
and the junction voltage. Before supplying this voltage to the Omicron measurement system, these 
latter voltages are subtracted from the BEEM signal. By the final operational amplifier, the signal 
is amplified 10 times and in addition the output impedance is lowered (as explained in section 
4.2.2.). 
In version C.4b, only the part of the BEEM signal with a frequency higher than the characteristic 
frequency of the integrator is amplified and supplied to the Omicron system. First, consider a 
constant zero potential difference between the applied junction voltage VErAs and the voltage 
on the collector of the tunnel junction %. The potential behind the differential amplifier is then 
V1 = 0 V, relative to Vsr M. The potential difference over the inputs of integrator is also zero, 
and thus V2 = 0 V. Since a current I flows from the sample, across R, into the supply souree 
of the integrator, a potential difference of VBI AS = IR must exist. When, suddenly the current 
I is increased with 81, the potential drop across R also increases with 8V = 81 R. Initially, 
the integrator is too slow to respond and V1 = -8V. At (1), this voltage V1 =I 0 is detected, 
amplified and supplied to the Omicron system. In time, conesponding with the integration time, 
the potentials of the inputs of the integrator again leveled at Vsr M, forcing the potential difference 
over R back to VBI AS. This implies that when the system is in equilibrium always the same amount 
of current is detected. However, on a time scale smaller than the ·integration time, ·perturbations 
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• 
Figure C.2: Photograph of the sample holder. In the sample holder, a substrate is fixed to the sample 
plate. On each side of the substrate a Au strip can he seen. The junction is grown on these strips. During 
mounting of the sample plate into the STM slot, the Au strips make contact with fixed BEEM contact 
leads. 

in the BEEM current can be detected. If the tip position modulation has a characteristic time 
much smaller than the integration time, the AC part of the BEEM current can be detected, even 
for very large leakage currents. 
In version C.4c, an isolation amplifier amplifies the difference between the potentials at its inputs, 
both defined relative to the STM voltage, into a voltage relative to common ground. The output 
is again amplified and supplied to the Omicron system. 
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Maskplate 

Figure C.3: The photograph shows the mask plate, the mask, and the sample plate with the substrate. 
Since the mask are not fixed to the mask plate and can move freely, the mask does not damage the sample 
when contact is made. During deposition of the layers, the sample plate is located below the mask plate 
and the metals are deposited through the slits in the mask. 
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I-
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Figure C.4: Schematic of the three developed electronk circuits used to measure the BEEM current 
detected at the collector of a tunnel junction. 


