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Abstract 

Bulk GaAs and GaAs multilayer structures were imaged by cross-sectional STM. 
First, the imaging quality ofthe STM measurements was enhanced. To accomplish 
this, the STM tip preparatien was analysed and optimised. A.model was devised to 
obtain better understanding of the phenomena which occur during tip preparation. As 
a result, the tip apex radius can be determined from the field emission current. Also, 
an easy method was developed to check ifthe tip behaves according to theory. The 
resulting tip preparatien procedure consists of etching a tungsten wire, then annealing 
the tip by an electron bombardment and finally self-sputtering of the tip in a Ne gas 
environment. This procedure produced adequate tips on many occasions, but 
reproducibility remains an important problem. 

GaAs lattices, GaAs/ AlGaAs superlattices and delta-layers in GaAs have been 
successfully imaged. On all occasions, lattice and growth parameters showed an 
acceptable match with the literature values. A large number of atomie-scale steps have 
been observed, which provided an idea of how to break the sample when performing 
STM. Doping atoms were observed on flat sample surfaces, up to 6-8 layers deep. A 
program was developed to analyse the radial distri bution of the dopants. These results 
show that the do pants are not ordered in some kind of lattice, but tend to repel each 
other at distauces below 8 nm. 
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1 Semiconductors and STM analysis 

The primary goal of this study is to examine semiconductor structures at an atomie 
scale. To obtain the required spatial resolution, a Scanning Tunneling Microscope is 
used. In this chapter, an introduetion to semiconductor technology is presented, and the 
usefulness, the principles and the practical problems in the operation of an STM are 
explained. 

1.1 Introduetion 

1.1.1 Semiconductors 

Since the invention of electranies and the microchip, they have quickly gained 
importance. Nowadays, electranies and computer technology play an essential role in 
modem science and society. Semiconductors are the basic building blocks ofvirtually 
all modem electronics. By adding small amounts of doping materials, electronical 
components like diodes and transistorscan be fabricated. By etching small conductive 
channels in for instanee silicon substrates it is possible to produce microchips. 

While silicon is now the most widely used semiconductor material, it has one 
important disadvantage. Being an indirect semiconductor, it cannot produce light [1]. 
Many other semiconductors do have this property, and are for instanee used in Light 
Emitting Diodes. F or more sophisticated devices, bulk semiconductors are no long er 
sufficient. Forthese devices, new preparation techniques have been developed like 
Molecular Beam Epitaxy, MBE. In this process, atoms are deposited on the substrate 
layer by layer. This makes it possible to 'build' semiconductor structures on anatomie 
scale. For instanee by restricting the dopants toa very thin layer, aso-called delta layer 
can be formed, while a superlattice can be produced by growing multilayers of 
different materials. In this way, the properties of these structures can be profoundly 
influenced. Very small and highly efficient lasers are just one example of a practical 
use of this technique. These semiconductor lasers are already widely used, for instanee 
in cd-players. 

Producing a structure of layers of different materials can cause problems. If the lattice 
constants of both materials do not match, intemal strain is created ins i de the structure. 
This leads to dislocations which disturb the potential and the properties of the material, 
and it may ultimately break up altogether. For this reason, most combinations of 
semiconductors cannot be used for this purpose. There are, however, some exceptions. 
The best known, and most frequently used exception is the AlGaAs and GaAs 
combination. For any amount of Al, AlGaAs has about the same lattice parameter as 
GaAs. GaAs is now commonly used for sophisticated electronica! devices. Similar 
structures already form important keystones in optical communication networks [1], 
and will probably give rise to an even wider use of optica! data transmission. 
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Chapter 1: Semiconductors and STM analysis 

1.1.2 Analysis of GaAs on atomie level 

Within these multilayer structures, grown by MBE, additional effects may occur. The 
properties of these structures are, for example, strongly influenced by the quality ofthe 
interfaces. It is also interesting to see exactly how the doping atoms, impurities, are 
incorporated. Furthermore, these dopants could be distributed homogeneously, but they 
mayalso showsome ordering [2,3]. To study these phenomena, the structure must be 
examined on an atomie scale. Until the eighties, atoms could only be made visible 
indirectly, by techniques like Field Ion Microscopy and Field Emission Microscopy 
[4,5]. 

In 1982, a new imaging technique was devised by Binnig and Rohrer, in which they 
placed a very sharp molybdenum or tungsten tip closetoa conducting surface. 
According to quantummechanical theory, there is a finite chance that an electron from 
the tip apex tunnels through the vacuum harrier to the conducting surface, or vice 
versa. If a potential is applied between tip and surface, a tunnel current is created. This 
current can be amplified and recorded, and is very sensitive to the distance between the 
tip and the surface atoms. The technique tumed out sensitive enough to distinguish 
atoms in a lattice. By moving the tip over a certain surface area, the atomie structure of 
the surface can thus be imaged. This technique is now called Scanning Tunneling 
Microscopy, and has found its applications in many fields. Fortheir invention Binnig 
and Rohrer received the Nobel Prize in 1986. 

An STM can also be used to examine the atomie structure of GaAs, since this is a 
(semi) conductor as well. There are two problems in imaging GaAs with an STM, 
however. To begin with, the difference in atomie 'height' between the atomie sites and 
the holes between the atoms in the lattice is quite small. This difference, known as the 
atomie corrugation depends on the electronic configuration. The reason for this is that 
the STM really measures the electronic density of states (DOS), and not the locations 
ofthe atomie nuclei. For many surfaces, the corrugation is about 3 A, whereas the 
corrugation of GaAs is only 0.2 A. Measuring this corrugation requires a very well 
conditioned STM, and poses high demands for the quality ofthe electronics. In any 
case, either the Ga or As sites can be observed, as both require opposite potentials. 

A second problem forms the reactivity of GaAs with oxygen. Under normal pressure, 
the entire GaAs surface very quickly oxidises. A clean surface can be obtained by 
cleaving a sample under ultrahigh vacuum (UHV) conditions, and then scanning the 
freshly opened surface. This is known as cross-sectional STM. Ifthe pressure is below 
5 ·1 0- 11 

torr, the cleaved surface remains clean for a few hours, which is sufficient to 
performa scan before it contaminates again. For this reason, the entire STM is placed 
within an UHV vacuum system. 
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Chapter I: Semiconductors and STM analysis 

1.2 Basic principles of the STM 

Bardeen developed a simple, but effective model for electron tunneling in 1960 [6]. 
This model also provides insight in the operation ofthe STM. He considered two free 
subsystems: the tip and the sample, as presented in Figure 1.1. The tunneling current 
may then be calculated through the overlap of the wavefunctions of these systems 
using the Fermi golden rule. According to this rule, the probability w of an electron in 

a sample state 'l'tunneling toa tip state x obeys the following equation: 

w=
2:iMJ2

8(EV'-Ex) (1.1) 

The E"'and Ex are the energies ofthe tip- and sample-states, while the 8function 
indicates that only states with the same energy level at both sides can tunnel into each 
other. This process is called elastic tunneling. Mis the tunneling matrix element, and 
can be calculated by integrating the overlap of both states over a separation surface 
located between the two sides, at z=z0: 

M = }!____ 1 (x· 8"'- "'. t3x)ds (1.2) 
2m ·==u & & 

The tunneling current may then be found by summation of 1.1 over all the relevant 
states. The number of electroos present in thesestatesis govemed by the Fermi 
distribution, and the net current is influenced as well by the applied voltage V. This 
produces a relation for the total current: 

I= 
4

:re [ [f(EF- eV + E)- f(EF + E)]Ps(EF- eV + E)Pr(EF + E)IMI2 
dE (1.3) 

h <tJ 

a 
Sampfe 

' ·o Zo 

Tip 

1 -s 

b 

c 
Ex 
EF 

.. 
z 0 Zo 

Figure 1.1 a. schematic view of the DOS of sample and tip 

~ 

s z 

b. and c. the two free subsystems necessary to calculate M: tip and sample 

The energy E Fis the F ermi energy for each si de, while Ps and Pr are defined as the 
density of states (DOS) ofthe sample and tip, respectively. A sketch ofthe density of 
states is provided in F i gure 1.1. The letter f stands for the F ermi distri bution, where 
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Chapter 1: Semiconductors and STM analysis 

f(E)={l +exp[(E-EF)/k8T]F1
. For small values of k8T, the Fermi distri bution can be 

approximated by a step function, which simplifies 1.3: 

4Jre Ïv I u\2 l=h .b Ps(EF-eV+c)pr(EF+c)ln\ de (1.4) 

Furthermore, the magnitude of the matrix element M may be assumed to be a constant 
in the interval of interest. The tunneling current is then determined by the convolution 
ofthe two densities of states: 

1 oc r~s(EF- eV + c)pr(EF + c)dc (1.5) 

Relation 1.5 is known as the Bardeen formula. It shows that the current, measured in 
STM scans, is determined by the local electronic density of states ofboth tip and 
sample. The STM scans are, in a sense, maps of the electronic structure of a surface on 
a microscopical scale. Relation 1.5 also indicates that the electronic structure of tip and 
sample are interchangeable. For instance, ad-state tip scanning a surface of consisting 
of s-state electrens produces the same result as an s-state tip on a d-state surface. As 
the theory prediets only very small atomie corrugation, when only s-states are taken 
into account, it has been suggested that ad-state of either the tip apex atom or the 
surface atoms is responsible for the observation of atomie corrugation (6]. 

TIP 

SAMPLE 
Figure 1.2 The presence of d-states enhances the measured corrugation 

The electronic state of the tip apex thus plays a crucial role in producing STM scans. 
Tips having more than one atom at the tip apex will produce inaccurate results, as their 
local DOS looks very different as compared to only a single atom. In some cases, the 
tip will image the same features on the substrate twice or even more times, according 
to the tip apex shape. This phenomenon is known as tip imaging. Tip preparatien in 
order to achieve the desired tip shape thus becomes a very important part of STM 
operation. 

4 



Chapter 1: Semiconductors and STM analysis 

1.3 STM setup 

A Scanning Tunneling Microscope consists of more essential parts than just tip and 
sample. In this paragraph the STM unit and all supporting equipment are discussed. 

1.3.1 STM unit 

The core of any STM is formed by a sample and a tip, which can be moved over the 
sample by means of three piezo-electric crystals. The tip, in our case made of tungsten, 
and the sample, AlGaAs or GaAs, are discussed extensively in chapter 2. The x- and y
piezos are used to move the tip along the sample surface. The z-piezo may be used to 
maintain a constant distance between sample and tip, while the varying current is 
measured. It can also be used to directly scan the shape of the sample DOS, while 
maintaining a constant tunneling current. 

x-scan 

Bias 
±0.01-±2V 

Preset value 
of current 

±0.1-±30nA 

Display 

Computer 

Scan 
output 

Figure 1.3 Schematic overview of a Scanning Tunneling Microscope 

The tunneling current is amplified by an electronic circuit, and the data are collected 
and processed by a computer. As the actual tunneling current can be less than 1 nA, 
amplifying the current without inducing too much noise requires high quality 
electronics. All electrical noise from other appliances should be canceled as much as 
possible. The computer assembles all measurement data, and produces a two- or three
dimensional picture. 

The STM is extremely sensitive for extemal vibrations. The turbomolecular pumps 
used in the vacuum system must be completely at rest to make scans possible. Even 
pumps in adjacent rooms will probably disturb STM measurements, as well as 
uncarefully shutting the door ofthe STM lab. To attenuate most vibrations, the STM 
unit is supported by springs. Copper fins protruding from the STM unit are located 
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Chapter 1: Semiconductors and STM analysis 

between magnets, which produce eddy currents in the copper fins when the unit 
vibrates, effectively damping the vibration. Furthermore, the table which 
accommodates the entire STM and vacuum system is equipped with air-pressured 
suspens10n. 

1.3.2 The vacuum system 

The central vacuum chamber houses the STM unit. It is pumped offby a titanium
sublimatien ion-getter pump, to approximately 5·1 o-ll torr. It also features a storage 
carrousel where up to 8 samples or tips can be placed. It is connected to another 
vacuum chamber, where a number of STM tip preparatien tools and a sample heating 
stage are located. This chamber is kept at a pressure of about 1 o-9 torr by two cascaded 
turbomolecular pumps. A loadlock is attached to this preparatien chamber, which 
makes it possible to move items in and out of the system while keeping the STM at 
UHV conditions. The loadlock is only connected to the first turbomolecular pump, and 
can be kept at a pressure of 10-6 torr. Finally, before the first turbomolecular pump a 
membrane pump is placed, to produce the required pre-vacuum of 1 o-1 torr. A picture 
ofthe UHV system is presented in Figure 1.4. 

UHV-1 

LQAD LOCK 

vent pipe 

COLD OA'l'HODE 

'l'C2 

Figure 1.4 The UHV system 

UHV-2 

membrane pump 

Ti-subl. 
pump 

> 

During normal operatien only the loadlock was brought to atmospheric pressure for the 
loading and unloading of samples and tips. If the rest of the system must be opened -
for repairs, maintenance or installation of new parts, the system must be baked out at 
150 oe for a few days. 
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Chapter I: Semiconductors and STM analysis 

1.4 STM oparation 

Unlike opticaland scanning electron microscopes, where in most cases acceptable 
measurements can be produced within one hour, eperating an STM is quite a laborieus 
task. A re gul ar measurement session often takes a full prepara ti on day. 

A typ i cal measurement cycle starts with the choice of tips and samples. The samples 
are cut from MBE grown wafers and prepared for insection in the vacuum system. The 
tips are etched from the wire, cleaned and mounted on tip holders. These procedures 
are discussed in detail in chapter 2. In the vacuum system, the samples are heated for 
some time to remove any remaining contaminants. The tips are further prepared by 
electron and ion bombardments. After that, tips and samples end up in the STM 
chamber. The actual measurements can begin. 

Performing an STM scan can be successful if only very little vibrations affect the STM 
unit. Therefore, the turbomolecular pumps must be shut down and come to a complete 
halt. The entire vacuum system is located on four air-pods, so the pressure in this air 
suspension system should be checked. Additional eddy current damping is supplied by 
lowering the entire STM unit between magnets. 

A tip is now placed into the STM unit, and one of the samples is cleaved in situ, in the 
STM chamber. This reveals a clean, cross-sectional surface; this type of STM use is 
called cross-sectional STM. The sample is placed into the STM unit as well and at this 
point, the tip can be manually positioned in front ofthe sample surface. To obtain an 
accurate manual positioning, a video camera provides a clear, enlarged view of the tip 
and the sample. It is then moved closer towards the sample, until it is within a mm of 
the sample surface. The remaining part of the approaching procedure takes place 
automatically. In the end, the tip is located at about a nm above the sample surface, so 
that a voltage will create a tunnel current. The actual measurement can take place now. 
The tip scans areas from the sample, and can also be moved around the sample surface. 
In this way the cross-sectional surface is slowly examined. 

7 



2 Preparatien of samples and tips 

STM scans should be performed on flat, clean surfaces. As GaAs oxidises in air, such 
a surface is produced by cleaving the samples in the UHV system. Even in these 
circumstances, the sample contaminates within hours. Also, every sample can only be 
used once for a measurement, as it is impossible to cleave the sample a second time. 
Sample preparation thus remains a recurrent task in STM operation. In most cases, a 
STM tip only functions during a couple of measurements before it is damaged. 
Together, tip and sample preparation take a considerable part ofthe total timespent on 
STM operation. In this chapter, several different ways ofpreparation are discussed. 

2.1 Sample preparatien 

The GaAs samples that were used in the experiments were doped with either Zn, Si, or 
Be, at concentrations of 1018-1019 doping atoms/cm3

. The samples were grown by 
means of Molecular Beam Epitaxy (MBE). To perform cross-sectional STM, they 
were cleaved in situ. The sample preparation was based on the method described by 
Albrektsen et al. [7]. 

2.1.1 Treatments outside the UHV system 

Before the samples are loaded into the vacuum system, they are cut to the right size. A 
contact is attached to each sample, and they are mounted on sample holders. 

Resizing the sample 

The samples are normally cut from 2 inch wafers, which were grown in the MBE. The 
cuttingis performed by makinga scratch on the sample, and then applying a force on 
it. This causes it to break offfrom the waferalong the (110) crystal plane. Usually, the 
samples are cut into a size of 2-4 mm wide, and up to 10 mm long. 

All samples are originally about 400 Jlm thick. To obtain a surface of a better quality
showing less atomie steps - when cleaving, the samples should be approximately 150 
Jlm thick. Samples which are thinner tend to break easily, making handling become 
impractical. To reduce the thickness ofthe samples, they are polished with 3 J.l.m 
aluminum oxide polishing powder. For this purpose, they are mounted by using wax 
on a copper block. On this block they are inserted in a 'rotating disk' polishing device. 
The thickness is measured by means of a standard micrometer. Any thickness can be 
obtained in this way, which takesabout one hour. The sample is removed from the 
copper block by heating the block, which melts the wax. Any wax left on the sample 
is removed by means of sweeping with some alcohol. 
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Chapter 2: Preparation of samples and tips 

Contact annealing 

GaAs very rapidly forms an oxide layer when exposed to air. This oxide layer has a 
high electrical resistance. For instance, the resistance measured between two metal 
pens both touching the surface is infinite. To be able to perform STM measurements, 
the sample needs to have a good electrical contact with the sample holder. In order to 
form a contact with the pure GaAs beneath, a Sn ball is diffused into the sample 
surface by an annealing procedure. In this procedure a small piece of Sn is placed at 
one end ofthe GaAs sample. It is then placed in an anneal-device, together with some 
ammonium chloride, NH4Cl. After that, the sample is placed in an 80% N2, 20 % H2 

atmosphere and the temperature is raised toabout 300 oe for approximately one 
minute. This causes the Sn to melt, and together with the NH4Cl the Sn can react with 
the GaAs to produce a well conducting contact. 

Mounting on the sample holder 

As a next step, the sample is mounted on a sample holder, which consists oftwo steel 
bars, one of which is attached to the sample holder plate. A sketch of the sample 
holder is presented in Figure 2.1. The two bars which hold the sample are connected 
by two screws, while one of the bars is also attached to the sample holder plate. 
Between these bars, one end of the sample is placed, and by tightening the screws, it is 
thus clamped between the two bars. As one of the bars touches the Sn-contact on the 
sample, it ensures good electrical contact between the sample and the sample holder. 

a 
~ direction of push 

. . . 
• • 

tightening screw 

• • . • . . ll~lll!l,llll::l~!ll ~\\\~ ilil!ll!il!·~!l!l!~\\\\\\\~ . . . 
=~=~=l=~=l=~=~=~=~=l=~=~:l:l:~:j:~:~:j:~:~:j:j:j;j;j:l:~:j:~:~:l:l:j:~:l:j:~:j:~:~:j:~:j:~:j:j:l:l:l:l:l:l:l:l:l:l:j:j:jt:j:j:j:~:j;j:~:l:l 

b 

Figure 2.1 Sample holder (a) and cleaved sample surface (b) 

This process oftightening the screws, however, may cause problems. When the 
samples are 400 Jlm thick, it works well, but for 150 Jlm samples there is a large risk 
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Chapter 2: Preparation of samples and tips 

of tightening the screws too much and breaking the sample. On the other hand, too 
loosely clamped samples will drop from the sample holder - this will usually occur in 
the UHV system. To avoid these problems, thin samples are 'glued' to the sample 
holder by means of a small amount of indium. This In, which melts already at 156 °C, 
is inserted between the sample and one of the bars. It is heated up until it me lts and 
then cooled down again. This produces a solid conneetion between the sample and the 
sample holder. 

Finally, the sample must be prepared for cleaving. A scratch is made on the sample, 
just above the bars, as can be seen in Figure 2.1. The sample will break at this point, 
later on. At the part of the cleaved surface where the scratch was made, the surface 
will be rough after cleaving. For this reason, the scratch should only be made from 
one si de of the sample to just before the middle. The remaining part, after cleaving, 
typically shows a very flat plane of cleaving, as can be seen in Figure 2.2. 

a scratch flat surface 

macroscopie steps 
b 

Figure 2.2 a. schematic overview of a cleaved sample surface 
b. cleaved sample surface showing a number of steps within the first j..lm 

from the edge, but a flat surface further away. 
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Chapter 2: Preparation of samples and tips 

2.1.2 Treatments inside the UHV system 

All samples contain a certain amount of water. This will pollute the UHV conditions 
in the vacuum system, especially in the STM-chamber. To remove all water from the 
sample, it is heated in the preparation chamber. The sample holder is placed in front of 
a heating spiral in the preparation chamber, and the temperature ofthe sample is 
raised to about 150 oe for 5-10 minutes. A clear rise of the pressure in the prepara ti on 
chamber can be observed, caused by some solid and fluid components evaporating 
from the sample as well as from the heating filament. 

Eventually, the sample arrives in the STM-chamber. Here, it is cleavedjust before the 
measurement starts. The cleaving is performed by pushing the wobbie-stick gently 
against the end of the sample. This produces a clean, flat, cross-sectional surf ace. 
Nevertheless, it usually takes only a few hours to contaminate, even at 5·1 o-11 torr. 
The cleaved sample can now be placed into the STM unit. 

2.2 Preparatien of tungsten tips: techniques 

The tips used in the STM were especially produced for this purpose. This preparation 
typically takes a full day for four tips. Nevertheless, it is essential toprepare the tips 
as well as possible, as the quality of the tips plays a crucial role in obtaining good 
STM pictures, as was discussed insection 1.2. 

2.2.1 Etching tips 

Mostly, tips are made out ofpolycrystalline or single crystal tungsten, or out ofPt-Ir 
alloy. The latter material does not develop an oxide layer when exposed to air, which 
is an important advantage. Tungsten tips do have an oxide layer, both from the air 
exposure and from the etching process. The advantage of tungsten tips is that the 
etching process allows for better control ofthe tip shape- Pt-Ir tips are mostly cut. 
The oxide layer, however, must be removed in UHV. In this study, the tips were 
etched from polycrystalline, 0.10 and 0.25 mm diameter tungsten wires. The tips were 
heated and self-sputtered in UHV prior to their use. 

As a first step in the preparation, a piece of wire is mounted on a tip hol der. A sketch 
ofthe setup ofthe etching processis presented in figure 2.3. 
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Electronic 
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Figure 2.3 Experimental setup ofthe etching process 

The tip holder is connected toa power supply, and the tungsten wireis partly 
immersed in a KOH solution. The wire may now be used as an electrode. A spiraled 
platinum-rhodium (90/1 0) wire serves as counterelectrode. When a positive voltage is 
applied to the tungsten wire, tungsten starts to dissolve, according to the reaction: 

W(s) + 20H-(aq) + 2H20(/) ~ WO/-(aq) + 3H2 (g) 

Most reaction products move down along the wire, under the influence of gravity. By 
sinking along the wire, the reaction products effectively forma 'curtain' around the 
wire thus shielding the lower part of the wire from the reaction. As a re sult, the 
reaction will take place at a faster rate at the very top of the wire, just below the 
solution level. This will continue until the weight ofthe remaining part ofthe tungsten 
wire hanging in the solution is large enough to break the wire, forming a sharp tip. 
When this happens, one of the electrades thus has become much smaller and as a 
consequence the reaction current will suddenly drop. If it drops below a certain preset 
value, an electronic circuit will quickly switch offthe power. Ifthe current is not 
switched off at this point, the tip will be etched into a blunt form. After etching, the tip 
is cleaned by a few drops of distilled water and then examined under an optical 
microscope. If it doesn't look good, for instanee if it's blunt or has an unusually long 
shaft, it is etched again. If it does, it is usually immersed in alcohol and stored there 
until it may be inserted in the UHV system. The etching process is described by many 
authors [6,7,8]. 

The KOH solution plays a very important role in tip etching. The solution must be 
free of contamination to produce tips of acceptable quality in a reproducible manner. 
A contaminated solution mayalso give rise to contamination on the tip itself, which 
was discovered on SEM pictures ofthe tips. This is illustrated in Figures 2.4 and 2.5. 
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Figures 2.4 and 2.5 A contaminated and a clean STM tip 

Forthese reasons, a temporary storage ofnew KOH solution is prepared from solid 
KOH every tip etching session. From this storage, fresh KOH solution is taken for 
every tip. The concentration ofthe solution also influences the etching process. If 5.0 
M solution is used, the reaction typically takes 2-3 minutes and the lower part ofthe 
wire stays relatively thick. Insteadof 5.0 M, tips have also been etched in 2.5 M 
solution. This reaction takes 6-8 minutes and normally the lower part of the wire 
becomes very thin before the wire breaks off. These tipsoften have shorter shafts, 
which may enhance their stability. 

modifications to the normal process 

Some tips were prepared from tungsten wire which had been pre-heated in high 
vacuum. F or a number of hours a current of several Amperes was sent through the 
wire, which heated it up to around 2000 K. This treatment changes the microstructure 
ofthe wire. Originally, it consistsof long microcrystals, which together form the wire. 
The heat treatment changes these crystals into more round-shaped ones [9]. This also 
affects the macroscopie properties: the wire becomes brittle. It is unclear as to whether 
this heat treatment produces better tips. Some good measurements have been made 
with these tips, but statistically they seem to produce good results as often as normal 
tips (see section 2.3.1). 

Tips can also be made out of platinum, and a platinum-iridium or platinum-rhodium 
alloy. These tips were not etched, but simply cut from the wire, using a common type 
of scissors. They have the large advantage that they don't develop oxide layers, but 
their actual shape is very hard to controL So far, our platinum-alloy tips did not 
produce results of equal quality as those obtained using tungsten tips, which is 
discussed in section 2.3 .1. They are also more ductile than W tips, and therefore less 
stabie during scanning. 

2.2.2 Annealing tips 

After the tips have been etched and cleaned, they are inserted into the UHV system 
through the loadlock. In the preparation chamber, two different treatments can be 
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applied to anneal the tip. First, the tip can be annealed by an electron bombardment In 
this case the tip is placed in front of a tungsten spiral filament. As an alternative 
process, direct resistive heating could be applied to the tip. Here, the tip is brought 
into mechanica! contact with the filament. These methods are described by different 
authors [6,7,8,10]. 

Annealing by electron bombardment 

A tungsten filament, 0.25 mm thick, is used as an electron source. Fora couple of 
minutes, a current of approximately 4 A is sent through the filament, which makes the 
filament glow brightly. The tip is positioned at about 5 mm from the filament, and has 
a positive potential of 500 V. The emitted electrens are thus attracted to the tip, which 
they hit with about 500 e V kinetic energy each. These impacts may change the tip 
shape, and probably removes part ofthe oxide layer which is present on the tip. The 
tip also heats up in the process. Ifthe tip can be heated up to 1100 K [6], the oxide 
layer will dissolve completely. lt is, however, very hard to control and measure the tip 
temperature. Additionally, nopart ofthe tip may heat up to more than 3600 K, as 
tungsten melts at that temperature. 

+ 

filament 

~-

SoOV I 
+ 

1Mn 

Figure 2.6 The electron bombardment anneal setup 

The current through the tip was usually taken to be 25-30 IJ.A. Lower currents, down 
to 1 IJ.A, and higher currents, up to 500 IJ.A, have also been used. For currents above 
about 20 !J.A, the current typically has a tendency to saturate at a certain value after 
about a minute. This phenomenon might be explained by assuming that the current 
rises as more of the oxide layer is removed by the impact of the electrons, lowering 
the resistance. 1t will then continue until the entire oxide layer is gone at which point 
the current stabilises. This way, stabilisation ofthe current would probably indicate 
that the entire oxide layer has been removed, but it is very hard to actually prove this. 
For lower currents, this saturation is not observed. 
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Annealing by direct resistive healing 

As an altemative, the tip can be brought in physical contact with the filament. The tip 
is slowly moved sideways until it makes contact with the filament. This is checked by 
measuring the resistance between filament and tip holder. Then, the filament is heated 
up by sending a current through it. The temperature ofthe filament can be easily 
controlled by means ofthis current. Eventually, the tip will attain a temperature close 
to the temperature of the filament. If the filament is hot enough, 11 00 K, the oxide 
layer on the tip can be removed completely. The tip will glow when this procedure is 
used, indicating that it really has a temperature of more than 11 00 K. Tips which are 
carefully contact-annealed often require lower voltages for the same current than 
before the annealing (they have lower FET voltages: see section 2.2.3). This lowering 
is also observed fora lot ofhigh-current non-contact annealing processes. 

2.2.3 Ion bombardment: self-sputtering 

Sputtering the tip is the final processin tip preparation. This is done by placing the tip 
at a di stance of 1 or 5 mm in front of a stainless steel ball of 2 cm diameter, and then 
applying a positive voltage (a few hundred to more than a thousand Volt) to this ball. 
The entire process is performed in a 10-4 or 1 o-9 torr Ne atmosphere. This setup is 
described by Albrektsen et al [7]. lt can also be used to measure the Field-Emission
Threshold (FET) voltage, which is defined as the (positive) potential needed for an 
emitter to produce an emission current of 1 nA. This FET voltage is a good indication 
ofthe tip radius, as will be discussed in chapter 3. 

tlp 
steel ball 

+ 
1 Mn 

Figure 2. 7 The experimental sputtering setup 
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The applied potential creates astrong electric field around the tip apex, where the tip 
has a very small radius of curvature. This produces a current of some nanoamperes to 
several microamperes. Most of the time, when a current in the !lA range is drawn, the 
current increases slowly over time as the voltage is kept constant. This indicates that 
the tip radius is reducing, which produces a higher field at the tip surface. For this 
sharpening process, the actual microscopie phenomena are not so easy to determine, 
though. 

The sputtering process was mostly performed in either one of two configurations: 
1. Distance tip to ball: 1 mm, pressure: 10-9 torr Ne, current: 1 j..lA. 
2. Distance tip to ball: 5 mm, pressure: 1 o-4 torr Ne, current: 10 j..lA. 
These conditions seemed to produce the most efficient sputtering processes, as is 
discussed insection 2.3.2. In these configurations, the current was regulated and the 
voltage needed to draw the current usually slowly decreased as a consequence of the 
sharpening of the tip. A typ i cal plot of the change of voltage during the sputtering is 
provided in Figure 2.8 for contiguration 1 and Figure 2.9 for contiguration 2. 

1000 

V 

(V) 

500 

5 10 
time (min) 

Figure 2.8 Changing potential to draw 1 !lA during sputtering in contiguration 1 

Usually, Ne gas is used in the sputtering process. At the low pressure of contiguration 
1, however, a considerable fraction will probably consist of other atoms like nitrogen, 
oxygen and hydrogen. A current of 1 !lA proved to be the most efficient (see section 
2.3 .2). In contiguration 2, a larger pressure of approximately 5·1 o-5 torr is applied. For 
this pressure, almost all gas atoms will beNe atoms. The current is mostly set at 10 
j..lA. As more electrens are emitted and more atoms are ionised, the process proceeds 
faster in that case, and probably the tip is also cleaned of any remaining 
contamination. 

16 



Chapter 2: Preparation of samples and tips 

1500 

V 

5 10 15 
time (min) 

Figure 2.9 Voltage required to draw 10 JlA during sputtering in contiguration 2 

2.2.4 lnterpretation of the sputtering process 

In literature, four tip sharpening processes are reported: 
1. Field evaporation: 

Tungsten atoms from the tip are directly removed by astrong electric field. 
2. Field ionisation: 

The intense electric field directly ionises gas atoms which are then drawn to 
the tip. Crashing into the tip with large energy, they can change the tip shape 
by sputtering. 

3. Heating by field emission: 
Electrans are directly drawn out of the tip. The large local current density at 
the tip apex heats up the area which together with the field produces a drift, 
or diffusion, of the tip atoms, effectively sharpening it. 

4. Field emission and self sputtering: 
Electrans drawn out ofthe tip occasionally collide with gas atoms, which are 
then ionised and accelerated towards the tip. Their impact on the tip changes 
the shape of the tip. 

Field evaporation 

Field evaporation is known to occur only in extremely high fields, in the order of 
2 to 5 V/Á. Forthese fields, the field emission current- the electrans drawn out ofthe 
tip by the electric field - should already be much larger than a few JlA, which will be 
shown later on in chapter 3. The fields calculated for realistic tip dimensions should 
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not exceed 1 V/Á. Forthese reasons, field evaporation is not likely to be responsible 
for the sharpening effect. 

Field ionisation 

In case of field ionisation, the intense field near the tip apex is strong enough to 
directly remove electrans from the gas atoms, which are still present in the UHV 
chamber. The gas ions will then be accelerated to the tip as the field lines they follow 
lead back to the tip apex. Because the field lines are perpendicular to the tip surface, 
the ions will hit the tip surface under a straight angle and sputter it toa new, sharper 
form. For this process, however, the current should be strongly dependent on the 
pressure in the UHV chamber. This current should depend linearly on the number of 
gas atoms per m3

, and therefore be proportional to the pressure. This is not the case, 
though, as is shown in figure 2.1 0. 
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Figure 2.10 Voltages needed to draw certain currents at varying pressure 

To draw a given current, at a higher pressure, in general a larger voltage must be 
applied, instead of a much smaller one. This forms a strong argument against the field 
ionisation hypothesis. One can argue that for currents larger than 20 nA, this may not 
be the case. Unfortunately, it is not possible to perform measurements at these 
conditions, as measuring at currents above 20 nA produces a sputtering effect which 
effectively changes the tip radius. lt seems likely, though, that field ionisation does 
not play an important role. The measured I-V curves are displayed in figure 2.11. 
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Figure 2.11 I-V curves at different pressures 

Heating by field emission 

Field emission as described by the Fowler-Nordheim theory will very probably take 
place. It requires fieldsofabout 0.2 to 0.5 V I A [5]. For the voltages used in the 
experiments, a tip should have a radius of a few tens of nm to produce these fields. 
These are realistic tip dimensions. The sharpening ofthe tip, however, cannot be 
explained by field emission of electrens out ofthe tip only, as field emission itself 
doesnotalter the tip shape. One explanation might be that the emitted electrens heat 
up the tip. The tip atoms may start to diffuse, which should produce a blunter tip. 
Together with the strong electric field, however, the tip atoms could realign into a 
sharper configuration. This was described by Bettier et al. [11]. 

This processis the base mechanism behind two other tip-forming techniques, 
discussed in 2.2.5. Forthese techniques, however, tip temperatures above 1500 K are 
required. It is unlikely that a tip would attain such a high temperature in the sputtering 
process. At these temperatures, it should glow, and this is not observed. On the other 
hand, if only the first few nm around the tip apex have such a high temperature, the 
intensity ofthe light would be very low. In this case, the tip apex could be sufficiently 
hot for diffusion process, while the amount of emitted light is too low to be observed. 
Nevertheless, tungsten is a good heat-conductor and the tipshaft should probably be 
able to cool down its apex [12]. In conclusion, diffusion oftip atoms caused by high 
temperature in the presence of a strong electric field probably does not play a 
prominent role, as the tip does not attain a sufficiently high temperature. 
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Sputtering 

What remains is sputtering hy impact-ionised gas atoms. Electrons, drawn out ofthe 
tip hy Fowler-Nordheim emission, are quickly accelerated hy the strong electric field 
near the tip surface. When they travel their way from tip to hall, they might hit a gas 
atom. This atom will almost certainly he ionised, hecause the energy of the electron is 
several hundred e V, whereas the ionisation energy of any gas atom is seldom more 
than 10 eV [13]. The resulting ion will then he attracted by the tip, and accelerate in 
that direction. The ions will follow the field lines, which mostly end near the tip apex. 
For this reason, the majority ofthe ions crash into the tip at the apex, delivering an 
energy of a few hundred eV. This will ahrate the tip shape and prohahly sharpen it 
[14]. As the process takes place under UHV conditions, the question may he raised 
whether there are enough gas atoms to produce a significant effect. To answer this 
question, a rough estimation is made. 

Experiments show a significant drop of the field emission threshold (FET) voltage, 
indicating a smaller tip radius, already at pressures of ahout 1 ·1 o-9 torr and currents of 
1 !JA. The process is effective at higher pressures as well. At pressures helow 5 ·1 o-5 

torr, the partiele density at room temperature can he estimated using the ideal gas 
approximation: 

Yv = :r = 3.2 ·1013 atomfm3 

for 1·1 o-9 torr. Wh en sputtering, the voltage is usually about 500 V. As the field 
intensity changes strongly close to the tip (see chapter 3), it seems a reasonahle 
approximation to assume that the emitted electrons have an energy of 500 eV on the 
largest part oftheir way from tip to counterelectrode. Their velocity will thus he: 

Vel= f! = 1.3 ·10
7 '% 

The rest gas has never been analysed, but given the type of system and pumps, the gas 
probably consists mainly ofN2, 0 2, Ar, H20 and a lot ofH2, as a turbo molecular 
pump has a low efficiency for the latter gas. In average, a gas atom weighs about 20 
a.u. and has a kinetic energy which equals 3/ 2kT. The average gas atom moves about: 

- J3kT- 610 mi 
vgas- m - Is 

So the gas atoms obviously move much slower than the electrons. If the gas atoms are 
assumed to stand still while an electron travels from tip to hall, the minimum 
probability for a collision between an emitted electron and a gas atom can be 
estimated. The distance between tip and hall is about 5 mm. For the minimum 
pressure of 1·10-9 torr, looking along this 5 mm, 1.6·1 011 atoms/m2 can be seen. If the 
average cross-section of the gas atoms for ionisation hy 500 e V electrons ranges about 
11100 ofthe atomie cross-section, the gas atoms 'cover' a fraction of: 

pcollision = natoms7rf'
2 

atmn = 4.5 ·1 o-IO 

If the electron is considered to be a point charge this will he the minimum prohability 
for a collision per electron. 
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The maximum probability is calculated by taking the motion ofthe gas atoms into 
account. At a speed of at least 10 

7 
m/s, crossing the 5 mm gap should co st the 

electrans about 5·10-10 s. In this time, the average gas atom, moving at 610 m/s, still 
travels about 305 nm. So insteadof just its cross-section area, every atom 'covers' a 
strip of at most 2 times the callision radius (0.3 Á) wide and 3050 A long. Actually it 
will be less, because not all the atoms will move perpendicular to the electrons. So the 
maximum probability of callision is: 

pcol/ision = na/omJ/rajectoryda/om = 3 ·10-
6 

The actual probability of callision is estimated to be around 10-9. 

The sputtering typically takes place at a minimum current of approximately 1 )lA, 
which equals 6.25·1 0

12 
electrons/s. This means that probably about 6000 gas atoms 

are hit every second, a vast majority ofwhich will be ionised and head for the tip. 
With a kinetic energy of about 500 e V, they colli de with the tip. Consiclering the 
concentration ofthe field lines around the tip apex, most gas ions will crash into the 
front area ofthe tip, which will approximately be a half sphere. Stated in another way: 
more than 90 % of the emitted electrans will be emitted from this half-sphere around 
the apex (see also chapter 3). These electrans follow the field-lines from the tip. The 
ions they create will be created along these field lines, which the ions follow 
backwards: ending near the tip apex. 

With a typical radius of 20 nm, this front end consists of about: 

N - V,phere I - t. 4. 7r. r31phere = 5 ·1 os atoms 
- /V,ungstenatom 1· 7r. r3tungstenatom 

The surface consists ofthe number ofatoms in the outer layer, 4 A thick: 

I 4 ( 3 3 ) - 2. 3. 7r. r lip - r innerlayers - 3 
Nsuiface -

4 3 - 2.9 · 10 atoms 
3. 7r. r tungstenalom 

So every surface atom near the tip apex is hit by a 500 eV gas ion about twice every 
second. That may not be too often, but it is the absolute minimum for very low 
pressure. It seems reasonable that every ion crashing into the tip, having a kinetic 
energy of almost 500 V, can remove or shift at least one tip atom, as chemica! binding 
energies normally do not exceed 10 eV. Of course, for higher pressures, many more 
ions will be created. In conclusion, the self-sputtering phenomenon probably plays an 
important role in the tip sharpening effect. lt may, on the other hand, not be the only 
process involved. 

2.2.5 Alternative techniques in tip preparation 

In literature, many other ways of tip preparation are discussed. Completely different 
preparation methods, like the so called 'build-up' and 'teton' tips are described 
[6,11,15,16]. These processes start with the same etched tip as described in 2.2.1. This 
tip is then heated by direct resistive heating, and at the sametime astrong electric 
field is applied, in the same way as in the sputtering process. To reach the so-called 
'pseudo-stationary profile', the tip is heated to 3200 K and put at a negative voltage of 
3-5 kV. Aftersome time, the diffusion (blunting) and evaporation (sharpening) 
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processes, caused by the temperature, and the field induced (sharpening) processof 
movement towards the apex come into equilibrium. This results in a cone-shaped tip, 
somewhat less than 1 00 nm across. 

A build-up tip is then formed by repeating the process at 1700 K and 2-3 kV. Some 
crystal planes start to grow and eventually toucheach other at the middle, producing a 
single or three-atom tip. Under the same conditions, while in a 1 o-5 

torr oxygen 
atmosphere, a teton tip is produced. This is a tiny microtip on the tip apex, which ends 
in one atom. This tip is especially useful for corrugated samples. 

With the field in opposite direction and at even higher fields, 2 V/Á, the metal atoms 
itself can be ionised and removed from the tip, at temperatures of 1200-1500 K. This 
process is called Atomie Metallic Ion Emission. Small microtips are formed in this 
process, like teton tips. According to literature, it should be highly reproducible [6]. 

One other widely used method of producing STM tips regards the use of an ion gun 
[14]. In this case, anion beam is created and directedat the tip to performa sputtering 
process. If it is directed head-on, a sharp tip can be obtained. This method effectively 
works the same as self-sputtering. In other experiments [1 0], the tip can be rotated, 
and the ion beam hits the tip under a certain angle, which produces even sharper tips. 

Finally, platinum and platinum alloy tipscan also be prepared in more sophisticated 
ways than simple mechanica! cutting [17]. The tip is first etched in a CaClrwater
acetone solution by a 40 Hz, 20 V AC current. Then it is heated, annealed, in a 
Bunsen flame. Another etch follows this step: this time the tip enters a diluted H2S04 

solution. With positive voltage pulses of 15 V, 16 J..lS duration and 4 kHz frequency, it 
is then etched to its eventual size. The oxygen layer is removed by applying a negative 
1.1 V DC voltage for 1-2 minutes. Tips with radii ofless than 10 nm can be produced 
this way. 

2.3 Tip preparation: parameters of the process 

All techniques discussed in 2.2.1 to 2.2.3 can be used with different parameters (see 
also Appendix A). In the etching process, the concentration ofthe solution can be 
changed, and the length of the piece of the wire which is immersed, as well as the 
thickness of the wire. There are two essentially different annealing techniques 
available. Contact annealing depends on the current passing through the filament, and 
the duration of the process. The non-contact annealing process, also known as electron 
bombardment annealing, is determined by the tip potential, tip current, filament 
current and anneal time. The sputtering process has a number of free parameters as 
well. The sputtering voltage and current can be chosen, as well as the pressure and 
nature ofthe background gas and the sputtering time. 

The resulting quality is measured in two ways: first, the FET voltage, and more 
important, the scan quality. This is the quality observed when using the tip in the 
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STM. A table was defined to 'grade' the tip performance when making scans in the 
STM: 

quality symbol description 

1 ++ atomie resolution on GaAs in the [00 1] and the [ 11 0] directions 

2 + atomie resolution on GaAs in the [001] direction 

3 ± features like steps visible on GaAs, but no atomie resolution 

4 - no features on GaAs, but consecutive lines on STM correspond 
5 - - only noise, consecutive lines on STM do not correspond 

Table 1: quahty cntena for STM tips 

2.3.1 Etching 

During the course of the experiments, all the parameters have been changed in order 
to find the best tip preparatien procedure. Regarding the etching procedure, the 
sharpest tips were produced when the wire was immersed 1-2 mm. For 47 tungsten 
tips of diameter 0.25 mm, produced in the period from April 7 to October 10, an 
average FET voltage of 546 V was obtained. The average tip quality was 3.2 for 16 
tips which were actually used in STM scans. One series of 6 tips which were pre
heated to 2000 K during 4 hours producedan average quality of 4.1, with four ofthe 
six tips showing atomie resolution. This performance is quite remarkable. 

The thickness ofthe wire, 0.10 mm or 0.25 mm radius, did notseem to make an 
essential difference, although on average 0.10 mm tips could be etched sharper. For 
25 0.10 mm tips, the average FET voltage was 378 V. The tip quality however, was 
lower instead of higher: an average of only 2.5 for 15 tips. Because Albrektsen [7] 
used 0.10 mm tips, they were also chosen when Albrektsen's sputtering conditions, 
sputtering contiguration 2 (see sectien 2.3.3), were adopted. This secend set ofO.lO 
mm tips, 21 in total, had an average FET voltage of 536 V. This FET voltage, 
however, was measured with a tip-ball distance of 5 mm, instead ofthe customary 1 
mm. The average quality this time was 3.1, while 4 out of 11 tips produced atomie 
resolution (quality 4 or higher). 

When using a 2.5 M solution, the tips tend to have shorter shafts than tips etched in 
5.0 M solution. Most ofthe time, they also have slightly smaller FET voltages. The 
etching process does produce acceptable tips in most cases, as can be observed by 
looking at the tips through an optical microscope and by inspeetion ofthe PET
voltage befere further processing in the preparatien chamber. 

Platinum alloy tips, more specifically Pt-Ir and Pt-Rh tips, produced poor results in 
the STM. Some ofthe tips were annealed or sputtered, which did notproduce better 
results. The average quality of, in total, seven used tips did not exceed 2.3. None of 
them produced atomie resolution. It seems that our way of simple mechanica! cutting 
does not produce adequate tips, although ethers have reached good results using this 
technique. 
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2.3.2 Annealing and sputtering 

The annealing and sputtering procedures performed in the UHV system did not 
always produce adequate results. Modifications were made at some occasions. 

Annealing 

The annealing and sputtering processes still frequently produce inferior tips. The 
conditions used in these processes are still being altered now and then to achieve a 
better performance. As contact annealing often produced much higher FET voltages, 
the non-contact annealing procedure was used on almost all occasions. F or a long time 
a tip-current of approximately 1 JlA was used, at a tip potential of+ 500 V. These 
conditions resulted in an average rise in FET voltage of2 %, for 63 tips. However, the 
standard deviation, 37 %, is quite large. In total, 35 tips were used in measurements, 
which produced an average quality of 2.8. 

The anneal process conducted on tips which were sputtered as described in 
configuration 2 (see section 2.2.3) also used a tip potential of 500 V. This time, a 
current of 25 JlA was sent through the tip. These 28 tips experienced an average drop 
in the FET voltage of 1 0 %, with a standard deviation of 16 %. The 19 tips which 
performed STM measurements, producedan average quality of 3.1. 

Sputtering 

In total, 73 sputter processes were performed with configuration 1: 1 mm between tip 
and ball and a background pressure about 1 o-9 torr. A current of 1 JlA proved to be 
most efficient, as can be seen in table 2.1. 

I (JlA) 0.1 0.2 0.5 1.0 2.0 5.0 10.0 
/).V FET (%) +6 -2 -9 -19 -15 0 +79 

Table 2.1 The relative change in the FET voltage for different currents 

Most of the time, the process considerably lowers the FET voltage. Only in 4 of the 
73 occasions, something went wrong and the FET voltage was raised by many 
hundreds of Volts. Without these 'errors', the procedure was capable to lower the FET 
voltage by 23 % in average, with a standard deviation of 30 %. The average quality of 
the 28 tips used in measurements was 2.8, with a standard deviation of 1.2. Usually, 
sputtering a few minutes seemed sufficient to decrease the FET voltage, but some tips 
needed a longer treatment. In that case, they were sputtered for up to one hour, in 
which they showed a slow, but ongoing drop in the FET voltage. As mentioned above, 
one remarkable series of six pre-heated tips made it to an average quality of 4.1. The 
process has been repeated later, but did notproduce adequate results any more. 

Configuration 2, with a tip-ball distance of 5 mm, (mostly) 10 JlA sputtering current 
and a pressure of 1 o-5 to 104 torr Ne, proved to produce two sorts of results. Either 
tips are partially or completely destroyed, attaining a FET voltage of2000 to more 
than 5000 V, or tips survive and often produce good measurements thereafter. On 21 
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of the 62 occasions, one third of all sputtering operations, the tip was destroyed. The 
remaining 41 times, an average decrease of 62 V or 1 %, with a standard deviation of 
293 V or 37% was produced. The average quality ofthe 16 tips which were used in 
STM scans, was 3.3 with a standard deviation of 0.8. Almost half (7 out of 16) of the 
tips showed atomie resolution. This can be considered a good performance. 

2.3.3 Problems in sputtering at higher pressures 

Sputtering at higher pressures, around 1 o-s torr, and at 10 J.l.A does normally produce 
tips capable of generating scans with best resolution. As indicated above, a 
complication exists, though. A considerable number of tips suddenly 'explodes' when 
being sputtered. Mostly, these tips show an immediate drop in current, when the 
voltage is turned up. On the other hand, sometimes a similar drop occurs when the 
sputtering process has been going on forsome minutes. Under aSEM, the tip apex
the last few 11m- seems molten, or even exploded, which is displayed in Figure 2.12. 

Figure 2.12 A tip which was destroyed during sputtering at 5 ·1 

It is very hard to determine what exactly goes wrong in the process. It seems that at a 
certain moment, too much heat is accumulated close to the tip apex. The angle of the 
cone-shaped end of the tip could play a role, as a smaller angle indicates a less 
efficient heat conduction along the tip. Maybe the remains of an oxide layer cause a 
sudden rise of current and temperature when it is removed, which melts the tip. There 
is no substantial proof for these two explanations, ho wever. The most probable 
hypothesis as to what causes the sudden destructien of the tips is that a small vacuum 
plasma are is formed between tip and ball, under the influence of the strong electric 
field. This was described by Dyke and Dolan [12]. The tip temperature, which 
depends on the tip angle and the current, seems to play an important role as it 
enhances the emission. Also, ions produced by electrens crossing the Ne gas, as 
discussed in sectien 2.2.4, may eliminate space charge present at the tip apex. This 
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may trigger the vacuum are. According to Dyke and Dolan, these ions could possibly 
also be partly produced at the anode. 

2.4 Conclusion on tip preparatien 

The best preparatien process starts with a tungsten wire of either 0.10 or 0.25 mm 
diameter which is etched in KOH solution. The tip is cleaned by a few drops of water 
and stored under alcohol. lts FET voltage at 5 mm should be 500-1000 V. In the UHV 
system, it is annealed by an electron bombardment fora few minutes. To do so, it is 
placed in front of a filament which is heated up to approximately 1800 K, as judged 
by the current passing through the filament. The tip is given a positive potential of 
500 V, which produces a current ofabout 25 J.tA between filament and tip. Finally, the 
tip is sputtered by placing it in front of a conducting half sphere, at a negative 
potential of several hundred Volts. In a 1 o·5 torr Ne atmosphere, a current of 10 J.tA is 
sent through the tip. In the course of seconds or a few minutes, the FET voltage drops 
to approximately 400 V. 

Reproducibility is a major problem in tip preparation. The same preparation procedure 
may well produce tips which have widely varying FET voltages and produce 
completely different results in the STM. Producing a good tip requires a considerable 
amount of good luck, a fact which is also acknowledged by Me1med [18]. Also, the 
FET voltage itself is only an indication of a tip' s performance in the STM. While the 
FET voltage can be reduced to 300-500 V in many cases, this proved no guarantee for 
good results in the STM. On the other hand, tips having a higher FET voltage do have 
a lower chance of producing adequate results in the STM. 

From a microscopie point of view, with the optimal preparatien procedure as 
described above, it is often possible to produce tips which have a radius of 
approximately 10 or 20 nm (see chapter 3). The FET voltage forms an indication of 
this radius, and is reproducible in many cases. The STM quality, however, does 
depend on the few atoms, or preferably the single atom, at the apex. While the 
dimensions ofthe tip apex can be controlled up to the 10 nm range by this preparatien 
procedure, the contiguration of the top atoms is determined by chance. On some 
occasions, the results are good, while on other occasions, they are bad. 

To enhance the reproducibility ofthe tip preparation, other preparatien methods could 
be adapted. For instance, the use anion gun will probably enhance the tip quality. 
With this ion gun, the tip can besputtered by a more controllable ion beam. Using 
such an ion gun, others attained satisfactory results. Changing to another tip material 
instead oftungsten doesnotprove to result in better tips. The platinum alloy tips used 
in this study produced unsatisfactory results: no atomie resolution was observed on 
GaAs. 
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3 Tip characterisation 
The theory of field emission can be used to characterise the electrical behaviour of the 
tips used in the STM, assuming that field emission does play the most prominent role in 
tip sputtering and FET measurements. It tums out that it is possible to determine the 
electric field strength and the tip radius from an I-V measurement, if the work function is 
known. 

3.1 Theory 

Electron emission from surfaces caused by electric fields was described by Fowler and 
Nordheim. Together with arelation for the potential distribution around a tip, the 
emission profile can be calculated (see also Appendix B). 

3.1.1 Field emission 

The emission current coming from a surface induced by an electrical field, E, can be 
calculated by the Fowler-Nordheim emission law. The current surface density, J, is a 

function of E and qJ, the work function of the material [ 4]: 

( ) 
_ 14 E

2 
[ 0.683qJX ( )] Al 

JFN E,qJ -1.537·10 qJt 2 (y)exp- E v y Jm2 (3.1) 

with E in V I A and qJ in eV. The variables t and v are tabulated functions of y, while 

3.79JE 
y= (3.2) 

(jJ 

Fitting t and v to a polynomial produces: 

v(y) = 1.0029 - 0.1177 y + 1.1396l - 0.2561/ 

t(y) = 0.9967 +0.0716y+0.0444l 

(3.3) 

(3.4) 

U sing 3.1 one can predict what the emission current will be for the experimental setup 
described insection 2.2.3, provided that it is possible to deduce the electric field from the 
potential between tip and ball. If E is known, the expected theoretica! value of J can be 
calculated. J can be integrated over the tip surface to find the total emission current I. 

To obtain E from the measured Voltage Vm between tip and ball, the potential distribution 
around the tip should be known. Dyke et al. found that the potential distri bution around 
an isolated sphere-on-orthogonal-cone could be used [12,19]. The equipotential surfaces 
at a certain distance from this sphere-on-orthogonal-cone core approach the form of 
practical tips. Since a metal surface is, essentially, an equipotential surface the potential 
around the tip can effectively bedescribed this way. 
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The potential around this structure is: 

V= (V ~~~)(r"- a211+lr-"-I)P,,(cosB) 

VR = applied potential between sphere-on-cone and anode 
R = distance to anode 
a= radius ofthe sphere 
P n = Legendre function, order n (non-integral) 

B, r = po lar coordinates 

(3.5) 

Together, a and n define the shape ofthe cathode. While a plays an obvious role, n 

should be chosen, so that Pn(cosa)=O, where a is the half-angle ofthe cone. Of course, 
the cathode- the tip- in the experiment is not really isolated; a conducting ball stands at a 
few mm, as anode. This will deform the field close to the anode, as it does not have a 
shape similar to the equipotential surfaces ofthe cathode. Close to the cathode, however, 
the potentialis accurately described by 3.5. Since the electron emission is governed by 
the field at the tip surface, 3.5 can be used in the calculation. 

In the experiment, the real cathode is the tip. lt is not shaped like a sphere-on-orthogonal
cone, but like one ofthe equipotential surfaces some distance away. The actual radius of 
the tip at the tip apex is called r 0. So the small, imaginary sphere-on-cone structure with 
radius a, is used to describe the field around the actual tip with radius r0. Close to the tip, 

E can bedescribed by a constant, p, times Vm. At the tip apex, the value ofthis constant 
was calculated by Dyke et al. [19]: 

Po= Eo =~ n+(n+1) !!_ VR 11-l ( ( ) 211+1] 
VR - V R r0 VR - V 

(3.6) 

In actual measurements, Vm equals VR-V. The factor VR, the potential between anode and 
(imaginary) sphere-on-cone, can be eliminated using 3.5 for B= 0. This produces: 

11-1 [ ( )211+1] 
Eo = ro V," 211+1 n + (n + 1) ; 

R" " "(a) o -ro +ro --
ro 

(3.7) 

Like V, E also depends on the angle B. Dyke et al. found a re lation for p; p0: 

E = _/!_ E0 and 
Po 

jJ_ ~ ( !_ rl [ n+ (n + l)(;tJ P,,
2
(cos0)+ [ 1-(~ tJ[fo P.

2
(cose)] 

Po ro n+(n+1{~rll+l 
(3.8) 

To keep the calculations practical, at this point a choice must be made for a!r0 and n. 
These two quantities determine the shape of the tip. One of the tip shapes presented in 
Dyke's artiele was used, where nis 0.10, and alr0 equals 0.30875. It is displayed in figure 
3.1, a1ong with the equipotentia1 surfaces surrounding a tip with a radius of 15.8 nm. This 

28 



Chapter 3: Tip characterisation 

is a typical value for a tip radius, resulting in a FET voltage of 400 V. The imaginary 
ball-on-cone structure is drawn within the tip shape. 
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Figure 3.1 Tip shape used in field calculations 
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To show that the tipshapeis representative for real tips, a high-magnification SEM 
picture of an actual tip is displayed in Figure 3.2. The tip apex looks like the model in 
Figure 3.1. 

Figure 3.2 A real tip apex imaged by a SEM 

In 3.8, r can be obtained from 3.5. Finally, the Legendre function ofnon-integral order, 

P0.J(cosB), is calculated by evaluation of a power series [20]: 

P,, (cos 0) = f r ( n + i + 1 )r (i - 1) ( 1 - cos(}) i 
i=O r(n + 1)r( -n)(i!)2 2 

(3 .9) 
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For the tip shape in tigure 3.1, relation 3.8 now only contains one variable: the angle B. 
This means that [JI [J0, which is the same as El E0, can now be plotted: 

EJE
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Figure 3.3 Electric field as a function ofthe angle () 

For 156°, the field is zero. This means that the exterior half-angle ofthe tip is 
approximately 24°. In the remaining calculations, the parabalie fit in Figure 3.3 is used. 
The relation was converted to angles in radians: 

E = (1 + 0.00425(}- 0.137B2 )E0 

Inserting n=O.IO and a/r0=0.30875 in 3.7, produces: 

- - v",( 1 + 0.00425()- 0.137 ()2
) 

E- E(V,",R,r0 ,B)- 0.368 09 ( 01 ) 
r

0 
· R0

.1 - 0.756r
0 

· 

(3.1 0) 

(3 .11) 

In equation 3.11, Vm is the applied voltage between tip and ball, and r 0 is the tip radius. 
The distance R can easily be obtained. Although R should actually be the distance from 
the imaginary sphere-on-cone to the ball, the distance between ball and tip may be used 
as r0 (<50 nm) and a (<r0) are much smaller than R (a few mm). 

The field from 3.11 can now be inserted in 3.1. To obtain a value for J, a value for the 

work function rp is needed as well. Integration of J over the tip surface produces the total 

emission current /. As for every infinitesimal ring dl= J ·21r/ ·sin() dB, and r can be 

approximated well (within 1% for ()=90°) by r0, /becomes [21]: 
tr 

I(V",,R,r0 ,rp) = 2trr0
2 Jl(V,",R,r0 ,rp,B)sin()d() (3.12) 

0 

This theoretica! total emission current can be compared to the current measured in an 
experiment. I depends on four variables. Of these four, Vm and Rare easily measured in 
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any experiment. This leaves two variables, ra and cp. The work function depends on the 
material from which theemission takes place. Normally, the tips are made out of 
tungsten, for which the actual work function depends on the crystal facet. This can, in 
principle, be taken into account in the integration. It will make the integral even harder to 
calculate, however, so an average work function of 4.50 eV is used [22]. It is also 
assumed that the emission takes place from pure tungsten. The only remaining unknown 
quantity is ra, the tip radius. By changing this ra, so that the theoretica! current equals the 
experimental current, a value for the tip radius is obtained from the measured current I, 
voltage Vm and tip-ball distance R. 

In this way, one measurement ofthe current at a certain voltage, usually the FET voltage, 
provides the tip radius. In Figure 3.4 the tip radius is plottedas a function ofthe voltage 
needed to draw a current of 1 nA (FET voltage) or 1 !lA 

The tip radius in nm as a tunetion of (FEl) vdtage 
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Figure 3.4 Tip radius depending on voltage required for 1 nA and 1 !lA 

Apart from the tip radius, the electric field for every corresponding tip radius has been 
calculated in the process. Remarkably, its relative changes are very small: about 1 %fora 
10 % change in FET voltage. Figure 3.5 displays Ea, the field at the tip apex, as a 
function of the voltages required for 1 nA and 1 IJ.A. 
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Figure 3.5 Electric field against FET voltage 

3.1.2 Other aspects of the theory 

The theory presented in the previous section makes it possible to calculate current 
distributions and the dependenee of the field on the di stance. 
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The emission current density distri bution over the tip surface is obtained by inserting the 
re lation for the electric field, 3.11, in equation 3 .1. To see at which angle the tip emits 

most ofthe current, the current density must be multiplied by sinB, as in expression 3.12. 
Both quantities are displayed in Figure 3.6, fora tip with 16 nm radius and a FET voltage 
of 400 V. They have been plotted in normalised format for a current of 1 nA and 10 ~-tA. 

As can be observed in Figure 3 .6, for a wide range of currents, 1 nA to 10 ~-tA, the current 
density drops to approximately 10 % already within an angle of 60°. Most of the current 
originates from an angle of 30° with the tip apex. The normalised cumulative current of 

some tips, JnsinBintegrated over the angle, is displayed in Figure 3.7 fora standard 400 
V FET voltage tip at several potentials. 
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Figure 3.7 Totalemission current as a function ofthe angle 

The normalised cumulative current is almost completely emitted within 90° ofthe tip 
apex. Nearly all the electrans are emitted from the front half sphere ofthe tip. 

Electric potential between tip and counterelectrode 

Relation 3.5 mayalso be used to calculate the shape of other equipotential surfaces, as 

shown in Figure 3.1. For the line between tip and counterelectrode (B=O), the change in 
potential was determined. The result for a standard tip, ha ving a FET voltage of 400 V, at 
a potential of 400 V is shown in Figure 3.8. 
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Potential between tip and bal I as a tunetion 
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Figure 3.8 Potential between tip and counterelectrode 

Electric field and emission current in re lation to tip-counterelectrode distance 

From expression 3.11, the electric field dependenee on the tip-counterelectrode distance 
can be calculated. Fora 16 nm radius tip, having a FET voltage of 400 V, the electric 
field at the tip apex as a function of cathode-anode distance is plotted in Figure 3.9. 
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From the electric field, the current and the FET voltage are calculated. They also turn out 
to vary strongly with changing distance, as can beseen in Figures 3.10 and 3.11. 
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As indicated by Figures 3.9 to 3.11, the distance between tip and ball plays a prominent 
role in the field emission process. It is important to place each tip at the same distance 
from the ball every time it is used. 
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3.1.3 Fowler Nordheim plots 

As discussed in the section 3 .1.1, from one measurement of current and voltage, the tip 
radius can be obtained. In most instances, however, theemission current is measured at 
more voltages for the same tip. These measurements are often represented in so-called 
Fowler-Nordheim plots. In such a plot, the logarithm ofthe current density divided by the 
square ofthe field, 10log (JIÈ"), is displayed against the inverse ofthe field, 1/E. Since for 
a tip J is not constant, but depends on the angle instead, a choice must be made as to at 
which angle J will be taken. lt seems the most natural thing to take J0, the current density 
at the tip apex. Consequently, also the electric field at the tip apex, E0, must be used. In a 
sense the choice for J0 is arbitrary: any other angle could be used, although this would 
complicate the calculations. 

To make a Fowler-Nordheim plot, first the tip radius must be determined, using the 
procedure from section 3.1.1 on one value for I and Vm obtained from one ofthe 
measurement points. As the tip radius is obtained by matching the calculated emission 
current with the experimental emission current, the experimental and theoretica! current 
densities at this point are equal as well. As the tip radius is assumed not to change when a 
differentpotentialis applied to the tip, the tip radius is known for the entire Fowler-
N ordheim measurement. 

To find the points in the Fowler-Nordheim plot, one has to know the value ofboth E0 and 
J0. Obtaining the electric field at the apex is quite easy, as the tip radius and counter
electrode distance are known, and the applied voltage Vm is directly measured. Inserting 
these data in expression 3.11 produces E0. The theoretica! values of J0 are obtained from 
relation 3.1, using the value of the electric field. 

The experimental values of Jare somewhat harder to obtain, as the total current I is 
measured instead of J. U sing the normalised emission current density Jm defined as 

J (v R e) = J(V,II,R,ro,fP,B) (3.13) 
" m' ,ro,fP, J. (V R ) 

0 m' ,ro,fP 
andrelation 3.12, J0 can be calculated from I as indicated in 3.14: 

J0 (I,V,11 ,R,r0 ,cp) = Y a 

/ 2trr0
2 

fJn(V, 11 ,R,r0 ,cp,B)sinBdB 

(3.14) 

An example of a Fowler-Nordheim plot produced this way is presented in Figure 3.12. 
In this representation the slope of theoreticalline depends almost exclusively on the 

workfunction cp, which becomes obvious when (3.1) is substituted in 10log (JIÈ') and 
differentiated to 11 E: 

Slope FN = -0.297 · s(y) · cpy; (3 .15) 

The function s(y) is a tabulated function like v and t, depending on y, as defined in 
relation 3.2. For most values ofy, however, s(y) is between 0.9 and 1.0 so the slope only 

depends strongly on cp. 
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Figure 3.12 Fowler-Nordheim plotfora tip with a radius of 16 nm 

From one point in the Fowler-Nordheim plot the tip radius can be obtained, ifthe work 
function is known. Using the entire plot, it seems possible to fit the data to the theory and 

extract both r 0 and rp from the measurements. To check this, the Fowler-Nordheim plot 
from Figure 3.12 was recalculated using a workfunction of 4 eV, insteadof 4.5 eV. The 
result is displayed in Figure 3.13. 
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Because another cp produces another value for the tip radius, the experimental data shift 
sideways, as can be observed in Figure 3.13. The theoreticalline also changes, since a 
change in the work function changes the re sult of equation 3 .1. F or the new work 
function the experimental data matches the theory as well as for the old one. Consiclering 
a given set of data points, any value of r 0 will produce a theoreticalline which matches 

the data. The choice of r 0 then fixes the value of cp, and vice versa. Thus, r 0 and cp cannot 
be determined separately from the data. To find the tip radius, the work function should 
be obtained from another source, either the literature or an independent measurement, for 
instaneeaSEM scan. In practice, the value ofthe workfunction is assumed to be 4.50 eV. 

With this fixed value of cp, a given data set produces a single value of r 0. 

3.1.4 Fast Fowler-Nordheim characterisation 

Measuring an entire Fowler-Nordheim plot takes a considerable amount of time. On the 
other hand, using only the FET voltage may be insufficient, as it tells little ofthe tip's 
emission behaviour. As a compromise, the FET voltage can be measured along with the 
voltages required to draw 0.1 and 10 nA. From theory, the corresponding values forthese 
voltages have been calculated. They are presented in Figures 3.14 and 3.15. 

800 
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Figure 3.14 Potentials required for drawing 0.1 and 10 nA 

These are very important results, as they may be used as a rule of thumb in tip 
characterisation. To produce a current of 10 nA, a voltage of approximately 12% above 
the FET voltage should be required, while a voltage of about 10% below the FET voltage 
is needed to obtain a current of 0.1 nA. If a tip meets these values for the voltage, this 
indicates that the tip behaves as the theory predicts. If it does not, this normally means 
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something is the matter with the tip; most probably it has another tip shape than the 
theory assumes, or it might be covered by an oxide layer. 
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Figures 3.15 Relative change of potential required for drawing 0.1 and 10 nA 

3.2 Experimental results 

U sing the theory of the previous section, a lot of experiments were performed. FET 
voltages were measured, and a number of tips were investigated in a SEM. 

3.2.1 Determination of the current voltage characteristics 

Measuring the I-V characteristic of a tip is, in reality, not quite straightforward. The very 
small currents, in the range ofnA's, contain a lot ofnoise. Apart from this, the current 
may suddenly increase or decrease during measurement. This change in current is usually 
permanent. This is attributed toa change in tip radius, possibly as aresult of sputtering 
with rest gas atoms during the measurement. 

Experimental technique 

In order to measure the I-V characteristic the experimental setup described in section 
2.2.3 is used. The currents are typically a few nA. The voltage, several hundred Volts, is 
applied over the tip-ball system by a high-voltage supply. The current is determined by 
measuring the voltage over a resistance of 1 MO, as is displayed in Figure 2.7. The 
m Volts which are measured this way normally contain a considerable amount of noise; at 
a fixed voltage, the value for the current typically fluctuates by more than 30 %. It is also 
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highly sensitive to any disturbances, like accidentally touching the cables. Most ofthe 
time, after changing the applied voltage, one should wait for at least 15 seconds before 
the current has stabilised again. 

As the current rises, more ions per second hit the tip and a tip change can take place. In 
this case, r 0 and the FET voltage change. This process is desired when sputtering, but 
inconvenient when performing a Fowler-Nordheim measurement. As in a Fowler
Nordheim plot this produces points on a different line. Since such a plot is normally 
drawn to study the emission of a tip having a fixed radius, it is necessary to compensate 
for the change in tip radius. 

Compensating the tip changes 

A simple, and reasonably accurate procedure was found to perform this task. Instead of 
just measuring the current at different values for the voltage in the Fowler-Nordheim 
measurement, after each single current measurement the FET voltage is measured again. 
With these data, it is possible to scale the Fowler-Nordheim measurement to one FET 
voltage, i.e. one tip radius. 

The basic idea was to calculate what voltage would be required to produce a current 
equal to the measured current, for a tip with another FET voltage than the measured FET 
voltage. In good approximation, this means that for the actually measured voltage the 
electric field should be the same fraction of the field at the FET voltage as for the 
compensated voltage (in this case using the original FET voltage). Since the field is 
proportional to the voltage, this means that the compensation can be described in a 
mathematica! expression as: 

vmeasured ~ompensated d = an 
VFET,measured VFET,original 

V _ VFET,original V 
compensated - V · measured 

FET ,measured 

(3.16) 

U sing re lation 3 .16, one can find the voltage which would have produced the measured 
current, ifthe tip wouldn't have changed its shape. In this way the entire Fowler
Nordheim measurement can be converted as if it had been measured with a tip showing 
no changes in radius, thus yielding a single line in the Fowler-Nordheim plot. 

Example of compensation of tip changes 

An example ofthe tip change compensation method is presented in Figure 3.16. Two 
Fowler-Nordheim plots, corrected and uncorrected, are presented in one picture. As one 
can see, the compensated data produce a better fit to the theory. All measurement data 
were scaled to a FET voltage of 492 V. The results are also displayed in table 3 .1. 
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Tip 2 proclucecl1/10 r= 20 nm V FET = 491 V 
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Figure 3.16 Fowler-Nordheim plotwithand without the compensation 

I (nA) V (V) K 1 (ÁIV) VFET(V) Vcomp (V) KI comQ (Á/V) 

0.10 438 3.43 491 438.0 3.43 
0.25 460 3.27 491 460.0 3.26 
0.61 476 3.16 490 477.0 3.15 
1.0 492 3.06 492 491.0 3.06 
2.1 517 2.91 496 511.8 2.93 
4.8 543 2.77 498 535.4 2.80 
10 573 2.63 506 556.0 2.70 
38 610 2.47 488 613.8 2.45 

.. 
Table 3.1 The compensatwn for tip changes, wlth an or1gmal FET voltage of 492 V 

Accuracy ofthe compensation method 

The compensation as described in re lation 3.16 is not perfect. The main reason for this is 
that the emission current is not really proportional to the electric field, as was assumed in 
devising the compensation method. The current equals the current density, J, integrated 
over the tip surface, and the relation between E and J is provided in expression 3.1. Had 
the current density only been a function of F!, the current would be a constant times F!. 
In this case, the square of the voltages would have to be equal, which again produces 
3.16. The relation would be exact, ifthis were true. Unfortunately, J depends on E as E2 

times exp(-1/E), containing an exponential term in 1/E. To check the accuracy ofthe 
correction in 3.16, a more thorough calculation must be performed. 

Using the expression for theemission current in 3.12, the theoretica! value ofthe error 
produced by correction 3.16 can be calculated. As an example three tips, ha ving original 
FET voltages of200, 400 and 800 V, were assumed to attain a FET voltage 12.5% 

41 



Chapter 3: Tip characterisation 

higher. For the new radius belonging to the new FET voltage, the current was calculated 
for a number of other values of the potential. It was then studied which voltages would 
produce the same current for a tip with the original radius. These voltages were compared 
to those obtained from 3.17. The result is presented in Figure 3.17, while table 3.2 
contains the data of the 400 V tip. 

V compN FET,org Vcomp (V) V measured (V) Imeasured Vcalc (V) VcompNcalc 

0.75 300 337.5 0.80 pA 298.97 1.0035 
1.00 400 450.0 1.00 nA 400.00 1.0000 
1.25 500 562.5 80.0 nA 501.50 0.9970 
1.50 600 675.0 1.57 J.lÄ 603.65 0.9940 
1.75 700 787.5 13.8 J.lA 706.35 0.9910 

Table 3.2 Corrected and calculated potenhalsfora 400 V FET tip, changed to 450 V 
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Figure 3.17 The relative error produced by relation 3.16 

From Figure 3.17, it is evident that for the conditions used in the calculations the relative 
error of the corrected voltage is less than one percent. The horizontal scale corresponds to 
currents from less than 1 pA to more than 1 0 J.lA, which is more than the range of any FN 
measurement. It seems reasonable to assume that tips having FET voltages between 200 
and 800 V all produce an error of less than one percent, for a rise of one eighth of the 
FET voltage. For tips having higher FET voltages, the error gets even smaller, so the 
error for all practical tips will probably be less than one percent. Normally, tips change 
only 20 or 30 V at most, duringa Fowler-Nordheim measurement. The change of 50 V 
for a 400 V tip, as in table 3 .2, is large compared to the change found in real experiments. 
Therefore, the resulting error of compensation is set to be one percent. 
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3.2.2 SEM analysis of tips 

Approximately 30 tips have been studiedusinga Scanning Electron Microscope. Under 
this micro scope, resolutions up to 1 0 nm have been possible for some tips, whereas for 
the majority ofthe tips details smaller than 30 nm were not observable. A typical scan of 
an STM tip produced by aSEM is presented in · 3.18. 

Figure 3.18 SEM picture ofSTM tip 

The electrons from the electron gun often charge the tip, which distorts the SEM image 
and may be the cause of the bright areas around the edge. Because a SEM works with an 
intense electron beam, the tip itself is also affected by the SEM scan and the FET voltage 
usually increases 100-300 V compared to before the scan. Also, transportation to the 
SEM might alter the tip shape. The actual tip shape can only be observed clearly for tips 
with a large radius, several hundred nm. Forsmaller tips in many cases, the tip radius is 
hard to determine from these scans. An upper limit for the tip radius can usually be 
found, though. The results of a comparison between the tip radius obtained from SEM 
pictures and from Fowler-Nordheim calculations are displayed in table 3.3. The 
inaccuracy ofthe (maximum) tip radius from SEM picturesis typically 20% ofthe total 
radius, with a minimum of at least 10 nm. 

Date+ ro,SEM ro,FN Date+ ro,SEM ro,FN Date+ ro,SEM ro,FN 
tip nr. (nm) (nm) tip nr. (nm) (nm) tip nr. (nm) (nm) 
13-5 1 65 53 11-7 4 50 52 23-7 7 40 26 
13-5 2 75 39 11-7 6 65 39 23-7 8 40 17 
13-5 3 140 48 16-7 7 175 159 28-7 9 60 20 
13-5 4 80 51 16-7 8 70 13 28-7 10 55 8 
13-5 1 45 10 21-7 1 35 12 28-7 11 40 6 
13-5 2 <20 12 21-7 2 30 10 28-7 12 60 10 
13-5 3 150 41 21-7 3 15 15 2-10 2 40 23 
11-7 2 220 237 21-7 4 50 22 2-10 4 <20 13 
11-7 3 750 214 23-7 5 100 23 

Table 3.3 Comparison of tip radius obtained from FET voltages and SEM scans 
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Forsome tips, the calculated radius from Fowler-Nordheim theory and the radius 
observed in the SEM image have a similar value. All other tips seem to have a much 
larger radius in the SEM pictures as compared to what would be expected from their FET 
voltage, which is shown in Figure 3.19. 

comparison between tip radii determined by SEM and Field Emission measurements 

80 

I I 
I 

0~----~---.----~----r---~----~--~~--~ 
0 

Figure 3.19 Comparison between tip radii determined by SEM and Fowler-Nordheim 

Probably, this is the result ofsmall sharp features on the tip surface. These features would 
be too small for the SEM to detect, while they would produce a higher current, normally 
requiring a sharper tip. On the other hand, the tip may also be damaged or deformed 
during transport or as a result of the SEM scanning process, since this effectively 
involves a high-energy electron bombardment When camparing the FET voltages of tips 
before and after they have been imaged in a SEM, they do often show a considerable 
difference. 

3.2.3 Mismatch in the Fowler-Nordheim plot 

Insome cases, the experimental data in Fowler-Nordheim plots do notmatch the 
theoreticalline very well. The slope of the experimental data is different from the slope 
ofthe theory. An example ofthis is displayed in Figure 3.20. It looks as ifthe 
experimental emission has another work function than was used in the calculation. 
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Figure 3.20 Fowler-Nordheim plotshowinga mismatch between theory and experiment 

1t may seem a good idea to extract the experimental work function from Figure 3.20 
using re lation 3.15, and then repeat the calculation. This will yield a different tip radius 
and produces a new F owler-N ordheim plot, in the same way as in section 3 .1.3. 
Unfortunately, it produces a similar result as well: both theoretica! and experimental 
values shift, but the mismatch stays just a bout the same. This is shown in Figure 3 .21. 
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Figure 3.21 Fowler-Nordheim plot of mismatch for different values of cp 
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Figure 3.21 indicates that the deviation from the theory is not caused by taking the wrong 
value for the workfunction. This means that either the theory is incorrect ( or used 
incorrectly), or that the tipshapeis very different from Figure 3.1 (for instanee caused by 
oxygen contamination), as these are the only remaining assumptions. 

Concerning the theory: there is no reason to discard the Fowler-Nordheim emission law, 
but it does not completely describe the real situation. For one thing, the actual field 
cannot fully bedescribed by relation 3.5. That would have been the case, ifthe anode 
would also have had the form of an equipotential surface. In reality, however, the anode 
is a ball, curved the other way. This will deform the field, and it will thus influence the 
emission. Additionally, at the side ofthe tip, the tip holder deforms the field as well. 

Another explanation could be the tip shape. A different tip shape causes a deviation from 
theory. Especially when a sharp micro-tip is formed on the tip apex, like the teton-tip 
described insection 2.2.5, a different slope in the Fowler-Nordheim plot is known to 
occur, according to literature [23]. Microtip-like structures, smaller than a few nm, on a 
tip will not be observed by aSEMand may thus be a cause for the mismatch. Space 
charge, building up at higher current densities might also cause such an effect [15]. 

Apart from this, the oxide layer may play an important role. Some part of the layer will 
probably be removed in all cases, to allow any field emission at all. Ifthis layer is not 
completely removed, however, it will effectively shield some parts ofthe tip surface from 
taking part in field emission. The remaining parts ofthe tip surface may of course have a 
very irregular shape, and can certainly not be described by the clean surface of Figure 
3.1. In this way, oxide layers might be detected using Fowler-Nordheim plots. Sputter 
processes on contact-annealed tips, certainly having no oxide layer, tend to produce 
better results. This may indicate that the presence of an oxide layer does influence the 
process. Using the rule-of-thumb presented insection 3.1.4 one may be able to detect 
contamination on the tip, as it will not comply to this rule. 

3.3 Error calculation 

3.3.1 lnaccuracy in the measured voltage and current 

The accuracy ofthe tip radius obtained from the Fowler-Nordheim theory depends on the 
accuracy ofthe other variables inserted in equation 3.12. The current usually contains a 
lot of noise, whereas the voltage is known more accurately as it is fixed by the power 
supply. The current often changes up to 30% in an unpredictable way when the FET 
voltage is measured. On the other hand, this only produces an error in the FET voltage of 
approximately 2-3 percent, which leads to an error in the tip radius of about 4 %. 

For the experimental points in the Fowler-Nordheim plot the voltage is known quite 
exact, as it is kept constant by the power supply. In most cases, however, the voltage 
must be corrected to account for a tip change, as discussed in section 3 .2.1. The error 
caused by this procedure, calculated in 3 .2.1, is approximately 1%. Since E is 
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proportional to Vm, the relative error in Eis 1% as well. This leads to an error of 1% in 
I IE, the horizontal axis ofthe Fowler-Nordheim plot. Along the other axis, the 
inaccuracy of 30% in the measured current plays a prominent role. This error is much 
larger than the one in the denominator of relation 3 .14, and thus the relative error in the 
experimental J0 is also 30%. The relative error in Eis much smaller, so the error in J0 

determines the entire experimental error along the vertical axis ofthe Fowler-Nordheim 
plot. Because the expression on the vertical axis, 10log(Jt/È), contains a logarithm, the 
relative error of 30% produces an absolute error of 0.13 in the vertical direction. 

3.3.2 lnaccuracy in the work tunetion 

The work function should be obtained from an independent source, such as the literature. 
For tungsten, as wellas for many other metals, each crystal plane has its own work 
function. According to the literature, the work function of tungsten averages a bout 
4.50 eV, so this value is used in the calculations. Also, the workfunction is profoundly 
influenced by contaminations, which might not be removed completely by annealing and 
sputtering. Nevertheless, it seems reasonable to assume that the actual effective 

workfunction lies somewhere between 4 and 5 eV. Substituting different values of tjJ in 
expression 3.12 produces different values for the tip radius as can beseen in Figure 3.22. 

Tip radius r
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Figure 3.22 Calculated tip radius for different values ofthe workfunction 

For this tip, having a FET voltage of 400 V, the calculated r 0 between 4 and 5 eV is about 

13 to 20 nm. In principle, there exists a different r 0-cp graph for every combination of Vm 
and /. Ifthe experimental data comply with theory, these graphs willlook similar to 

Figure 3.22: the calculated tip radius will decrease with increasing tjJ and there are no 

extrema in r0(cp). To obtain the tip radius, in most cases only the FET voltage is used. For 
smaller currents, the signal/noise ratio gets too small, and for larger currents, the tip itself 
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is often sputtered toa new shape. For typical calculations basedon the FET voltage, the 
inaccuracy in the tip radius caused by the error in the workfunction is about 20%, as can 
beseen in Figure 3.22. 

For the Fowler-Nordheim plots, an uncertainty in the work function has little direct effect 

on the experimental points, as ifJ only plays a role in the integral in expression 3 .14. This 
integral only varies slowly with changing variables. The experimental values of J0 do, 
however, also depend on r 0, and the error in the tip radius is partly caused by the 
uncertainty in the work function. The value of E0 is influenced as well: the data points 
shift mostly sideways like the plot in Figure 3.13. 

The theoreticalline, on the other hand, is directly influenced by any uncertainty in t/J. For 

instance, the slope of the line is proportional to ifJ Vt/J, as indicated in 3.15. The change in 
the calculated log(Jr/E/) is quite large, in the range of 30%. Like the experimental 
values, the electric field is influenced indirectly. As a result, the theoreticalline shifts the 
same way as the experimental one. This is the same condusion as drawn from Figure 

3.13: both theory and experimental points shift for other values of ifJ, producing a fit of 
equal quality. 

3.3.3 Errors caused by other inaccuracies 

Another quantity that must be measured and inserted into the calculations is the tip
counterelectrode distance R. Since the arm holding the tip is adjustable by means of a 
micrometer, the position ofthe tip and the relative distance is known rather accurately. 
The absolute distance to the hall, however, is known less accurately. Still, Ris probably 
accurate to within half a mm. This produces an error in the FET voltage of approximately 
1%, which can be observed in Figure 3.11. The effective error in the tip radius due to 
this, is 2%. 

Finally, the tip and counterelectrode shape cause deviations from the theory. Another tip 
shape than the one presented in Figure 3.1 will produce other results for the entire 
calculation method. As the actual form of the tip apex, in the range of nm' s, is not well 
known, it is hardly interesting to try other tip shapes in the calculation. Sarnething similar 
is true for the counterelectrode. As this is a hall, instead of an equipotential surface, the 
real electric field differs from the one assumed in the theory. Since the precise influence 
on the electric field is very hard to calculate, there is no good indication of the inaccuracy 
produced by these effects. 

3.4 Conclusion 

The theoretica! model discussed in this chapter is very helpful to understand what 
happens when a strong field, 0.2-0.5 V I Á, is applied to a sharp tip. One can estimate the 
strength and distri bution of the emission current, as well as the strength and shape of the 
electric field and potential involved. By making Fowler-Nordheim plots, theemission 
characteristics of a tip can be checked as to whether they conform to the expected values 
as predicted by the Fowler-Nordheim emission law. Successful Fowler-Nordheim 
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measurements indicate that a tip is probably free of most contamination. As a more 
practical method, a rule ofthumb can be used. Insteadof an entire Fowler-Nordheim plot, 
only the voltages required for 0.1 and 10 nA are measured. Ifthe tip behaves according to 
the theory, these voltages should deviate 10 and 12% from the FET voltage, 
respecti vel y. 

The theory also makes it possible to find, with a relative error of about 25 %, the tip 
radius by a simple measurement ofthe current at a certain voltage. Normally, the FET 
voltage - the voltage required for a current of 1 nA - is used for this purpose. Comparison 
with SEM pictures ofthe sametips reveals that the calculated values ofthe tip radii are 
often realistic, although in most cases SEM pictures only show an upper limit for the tip 
radius due to limited resolution ofthe SEM pictures. Some tips seem to have larger radii 
under the SEM than calculated by a FET voltage measurement. This is believed to be 
caused by small nm-scale protrusions on the tip apex which enhance the emission 
current. 
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4 STM scans on GaAs 

During the course of a year, a few hundred scans were performed on GaAs substrates. 
Most ofthem were on bulk substrates, although at a later stage delta-layers and 
superlattices have been imaged as well. 

4.1 Atomie structure of bulk GaAs 

The corrugation of the Ga and As atoms in the r 1 JOl direction of the GaAs (11 0) 
surface is only about 0.01 nm, while the corrugation in the [OOI] direction is 
approximately 0.03 nm. A sketch ofthe atomie structure ofbulk GaAs is displayed in 
Figure 4.1. Depending on the potential, either Ga or As atoms are observed. 
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Figure 4.1 Atomie structure of GaAs, with the relaxation at the surface 

Therefore, observing atomie corrugation in STM measurements on GaAs requires a 
clean, stabie and very sharp tip and a flat, clean sample surface. Even then, good 
conditions are needed to observe atomie rows, which are located 5.65 A apart in the 
[00 1] direction. On even rarer occasions, atomie resolution in both directions can be 
observed, showing the actual GaAs lattice. This is displayed in Figure 4.2, a 7.5 x 7.5 
nm scan of n-GaAs. The sample was Si dopedat a concentration of 1.2·1 0 15 

atoms/cm3
. The tip was connected to earth and the sample was placed at a potential of 

2.94 V, producing a tunnel current of0.126 nA. 

The black spots on the scan are believed to be vacancies (i.e. atoms missing in the 
lattice). The white spot in the top-left corner might be an ad-atom, an extra atom on 
top ofthe lattice, as its height is about 2 A. This is also the literature value for the 
layer spacing [7]. The distance between the rows is approximately 5.0 A, while the 
distance between the atoms in a row is about 3.2 A. The literature value for this 
distance is 4.00 A (see Figure 4.1). 
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[001] 

V 
[1l0] 

Figure 4.2 7.5 x 7.5 nm scan of a GaAs lattice 

As an example, the scan data along anatomie row are displayed in Figure 4.3. 
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Figure 4.3 The atomie corrugation in a fl lOl row 

1.5 

These atomie distauces correspond with the theoretica! values, which are 5.6 and 4.0 
A respectively. As the piezos havenotbeen calibrated accurately yet, this is probably 
the cause ofthe deviation from theory. Another explanation might be drift during the 
measurement. As the deviation is rather constant in all measurements, this does not 
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seem to be the answer, however. The corrugation, approximately 0.015 nm, 
corresponds with the expected value. 

A good example of bulk GaAs where atomie rows are visible, is displayed in Figure 
4.4. lt is another scan of Si doped n-GaAs, at a concentratien of 1.2·1 015 atoms/cm3

, 

and was produced in the same session as Figure 4.2. This time 15 x 15 nm is imaged, 
at a potential of2.74 V and a current of0.124 nA. 

8 

Figure 4.4 Atomie rows in a 15 x 15 nm scan 
Scan in the [001] direction 
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Figure 4.5 Corrugation in the [001] direction 
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Figure 4.4 clearly shows a lattice of atomie rows. The distance between the rows is the 
sameasin the previous scan: 5.0 A, which is displayed in Figure 4.5. The corrugation 
is approximately 0.04 nm, which is equal to the literature value. 

In Figure 4.4, two stepscan clearly be observed. These mono-atomie steps are 
frequently found on most samples. The profile in Figure 4.6 was taken along the white 
line in Figure 4.4. The three islands in this section ofthe picture look very similar. As 
it is unlikely that the islands all exist oftwo atoms in the same configuration this 
indicates a tip artifact. In this case every island consists of only a single ad-atom, 
while the scan image shows the convolution of the shape of the ad-atom and that of 
the tip itself. A tip consisting of not one, but several apex atoms, can produce these 
effects. This can be observed in Figure 4.6, showing the three islands in a horizontal 
scan. 

.Ad-atoms i rnageel in a similar ~ by a muiti-atorn apex tip 
0.5 

.J 0.3 

§ ..._.., 
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0.0 .___,___,___..____...___ _ _.____...___ _ _._ _ _.___....____....L.. 

0 2 4 6 8 10 
elistance (nm) 

Figure 4.6 Ad-atoms imaged by an imperfect tip 

The shape ofthe islands in Figures 4.4 and 4.6 provides information on the atomie 
structure ofthe tip. In this case, the tip apex probably consistsof a small plateau of 
about five atoms. At one side, a single ad-atom is probably located on top ofthis 
plateau. This way, one ad-atom on the surface can be imaged like the scan in Figure 
4.6. Another possibility would be a three-atom apex. 

On a large scale and on a flat surface, doping atoms can be observed in samples 
containing more dotation. An example is presented in Figure 4.7: a 25 x 25 nm scan of 
heavily doped p-GaAs, 2.5·10 19 Zn atoms/cm3

, imagedat a sample potential of 
-0.345 V and a current of 0.116 nA. 
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Figure 4.7 Doping atoms in a 25 x 25 nm scan 

As can beseen in Figure 4.7, an impurity influences the DOS over a distance up to 
0.5-3 nm, depending on the depth ofthe impurity. Naturally, doping atoms closer to or 
at the surface layer will be imaged more prominently than those in deeper layers. A 
typical cross-section scan of an impurity is presented in Figure 4.8. One can see that 
the apparent 'height' of an impurity is about 0.2 nm. The two bright horizontallines in 
the scan are probably caused by mechanic instability of the tip. 

0.2 

Typical a-oss-section of an ionised impurity scanred bythe STM 

2 4 
distance (nm) 

6 

Figure 4.8 A cross-section scan of an impurity 
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Chapter 4: STM scans on GaAs 

On yet an even larger scale, the scan rapidly becomes crowded with impurities. This 
can beseen in Figure 4.9, a 100 x 100 nm scan of similar, 2.5·10

19 
Zn atoms/cm3 

doped p-GaAs. The sample was placed at -0.345 V producing a current of 0.150 nA. 

Figure 4.9 Doping atoms on a 100 x 100 nm scale 

4.2 Alternative results on bulk GaAs 

Many scans on GaAs produce pictures which do not look similar to the ones in the 
previous section. In some cases, scans show only noise and no features at all. This 
normally indicates a bad tip, as other tips often do produce adequate results on the 
same sample. On other occasions, the tip itself may be good, but some drift occurs in 
the positioning of the tip. This is most probably caused by a temperature change in the 
STM. As an effect, the resulting scan is distorted. One can ob serve an example of this 
in Figure 4.1 0, where a scan is shown that was produced just after the ionisation gauge 
(pressure meter) close to the STM was switched off. This produced a drift in the tip 
location while the STM unit was cooling down. The image was taken on a 25 x 25 nm 
scale, on a similar p-GaAs sample (2.5·1019 Zn atoms/cm3

) as in the previous figures 
and with a potential of -0.351 V producing a current of0.148 nA. 
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Figure 4.10 Distorted 25 x 25 run image of GaAs 

Scans also frequently show surfaces which are not atomically flat and contain a lot of 
atomie steps, as presented in Figure 4.11. These steps are created by imperfect 
cleaving. The scan shows a 1.2·1015 Si atoms/cm3 doped n-GaAs sample that was 
imagedat a potential of +2.740 V and a current ofO.lOl nA. 

Figure 4.11 A 50 x 50 run image ofbulk GaAs with numerous steps 
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Some cleaves produce very rough surfaces on anatomie scale. Figure 4.12 shows a 
rough surface on a 100 x 100 nm scale. This roughness is still only microscopie: the 
surface would appear perfectly flat under a visible light microscope. It is a Si-doped n
GaAs sample, 5.4·1018 atoms/cm3

, imagedat -2.647 V and 0.120 nA. 

Figure 4.12 A 100 x 100 nm image of a bad cleave, resulting in a very rough surface 

Figure 4.13 A pattem of mono-atomie steps on a 200 x 200 nm scale 
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These atomie steps sametimes can also occur in well ordered pattems. These pattems 
may be created close to the edge of the cleaved sample, on the part of the sample 
where no scratch was made. The structure in Figure 4.13 consists entirely of mono
atomie steps, on a relatively large scale: 200 x 200 nm. The sample was Si-doped, at 
5.0·1017 atoms/cm3

, and wasimagedat 2.885 V and 0.120 nA. A cross-section scan of 
these pattems is provided in Figure 4.14. 

Cross-sectien scan of an area consistirYJ of a number of steps 
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Figure 4.14 Cross-section of an area containing numerous steps 

4.3 Deltalayers and superlattices 

When attempting to perform a scan of a deltalayer or superlattice, the first problem is 
locating this structure on the sample. As such a structure is grown on a substrate by 
MBE, it can be found close to the sample surface. In general, the tip will first make 
contact with the middle ofthe cleaved plane. To reach the grown layer structure at the 
edge of the cleaved sample, the tip is moved sideways towards the edge in small steps 
of severaljlm's. For each step, the tip is first raised a little, moved towards the edge 
and then lowered again. Ifthe surface is still present, another step is taken. Eventually, 
the surface will not reappear, and the edge ofthe sample is reached. The tip is then 
moved back a little and in a few large scale scans the structure can usually 
successfully be located. An example of a superlattice is displayed in figure 4.15 and 
4.16. It was measured using a potential of -2.305 V and a current of0.112 nA. The 
superlattice consistsof 5 nm thick layers of Al GaAs, located 5 nm apart. For the 
Al GaAs, one in three Ga atoms is replaced by an Al atom. Between the layers there is 
n-type Si-doped GaAs, at a concentration of5.0·1017 atoms/cm3 
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Figures 4.15 and 4.16 GaAs/ AlGaAs Superlattice 

The left scan has a scale of 35 x 35 run, the right scan 50 x 50 run. The dark bands in 
the scans represent the AlGaAs layers. At Al atoms, the current would be lower 
because of a larger bandgap. To compensate this, the tip goes down, which makes the 
AlGaAs bands appear darker than the GaAs. The bands show no atomie resolution. 
The white spots on the layers may be oxygen atoms. 

In the left picture, the bands areabout 4.8 run thick, while they measure 4.9 run in the 
right scan. According to the growth menu, they should have been 5.0 run thick. This is 
a very small difference: only one atomie layer, probably caused by the imperfect STM 
scanner calibration. The width can also be extracted from the cross-section scan in 
Figure 4.17. The AlGaAs layers are shown as the higher z-values. 

Cross-sedien scan of a part of a super-lattice 
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Figure 4.17 Cross-section of a super lattice 
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The imaged delta layers were embedded in thin regions (about 4 nm) in which the 
doping concentration was zero. The delta layers themselves were produced by adding 
a certain amount of dopingduringa break in the growth process. To make the delta 
layers easier to find, they are deposited close to 'marker layers' of Al GaAs. This is 
shown in Figure 4.18. The base material ofthe sample was Si-doped GaAs, 5.4·10

18 

atoms/cm3
. It was imaged at a potential of -1.550 V and a current of 0.096 nA. 

Figure 4.18 A 50 x 50 nm scan of a delta layer with marker layers 
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Figure 4.19 Cross-sectional scan of a delta-layer 
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The marker layers are the two stripes in the top-left corner, and the delta layer is the 
light area running through the middle, dotted with several impurities. These impurities 
are probably Si doping atoms, although occasionally they may also be oxygen ad
atoms. The marker layers, 2.5 nm thick, consist of Al GaAs. At approximately 35 nm 
from the marker layers, the delta layer can be observed. It was created by adding 10

13 

Si atoms/cm2 to the sample surface duringa break intheGaAs growth process. 

A picture ofthe cross-sectional scan of the delta layer is presented in Figure 4.19. The 
delta layer lies between 8 and 16 nm, and produces an extra height of approximately 
0.08 nm. 

4.4 Conclusion 

Although many scans did notproduce atomie resolution and some showed no features 
at all, atomie structures have been imaged successfully on other scans. Tip and sample 
conditioning will probably remain difficult, though. On the other hand, several dozens 
of scans show the GaAs lattice and also provide realistic values for the lattice 
parameters. In the [001] direction, the rows ofatoms lie approximately 5.0 A apart. 
This is somewhat less than the theoretica! value of 5.6 A, but as the distance of 5.0 A 
is measured on a majority of all scans, the deviation can probably be attributed to the 
calibration ofthe STM. The corrugation, with a literature value of0.03 nm, showed 
good correspondence with the experimental value of 0.04 nm. 

Accurate scans may also provide information about the tip apex. Simple features like 
single ad-atoms or mono-atomie steps on the surface may appear in a more 
complicated way on a scan. This indicates that the tip apex does not consist of a single 
atom, but of several atoms whose arrangement can be deduced from the scan. 

The atomie distance in the other direction, the r I lOl direction, could only be 
determined from a couple of scans, since the corrugation in this direction is even 
smaller, about 0.010 nm in literature and 0.015 in the experiments. The atoms lie 3.2 
A apart in the experiment, which is slightly less than the literature value of 4.0 A. As 
the same phenomenon is observed for the experimental and theoretica! values in the 
[001] direction, this deviation is probably caused by the calibration ofthe STM as 
well. 

Well-cleaved samples clearly show the doping atoms as white hillocks superposedon 
the atomie lattice, still showing atomie corrugation if the noise is not too large. These 
doping atoms are distributed throughout the scans, and their distri bution will be 
further examined in chapter 5. Artificially produced structures like superlattices and 
delta-layers have been imaged successfully, although many attempts were required to 
achieve this. In case ofthe superlattices, the Al atoms in the AlGaAs lattice seem to 
oxidise rapidly. 
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5 Distribution of impurities 

The doping atoms intheGaAs lattice seem to have random locations. To investigate 
the spatial distribution ofthe doping atoms, a statistica! method was developed which 
calculates the radial distri bution function of a set of points with given coordinates. 
The same method can be used for the distribution of doping atoms in delta-layers. 

5.1 Calculation of the distri bution function 

A distribution function is calculated from an STM scanshowinga considerable 
number of impurities, usually more than twenty. For frames showing less than twenty 
impurities, the resulting function will contain a lot of 'spikes', and thus have little 
meanmg. 

5.1.1 Counting the impurities at a certain radius 

As a first step, the locations ofthe impurities visible as bright spots in the STM-scan 
are manually recorded in a table. To enhance the visibility ofthe impurities, the scan 
is Fourier filtered to discard all high-frequency components, and then some 
contourlines and a contrasting co lor table is applied. The result of this can be seen in 
Figure 5.1. 

Figure 5.1 STM scan m47, 50 x 50 nm, before (left) and after (right) filtering 

Forsome bright spots, it may still be hard todetermine whether it is an impurity or 
not. As a basic rule, all bright spots which are surrounded by points with a lower 
height are impurities. Whenever impurities overlap, however, it is importanttolook at 
the shape of the bright spots in order to determine the number of impurities present. 
As a single impurity can only produce a round spot, a bright spot having a clearly 
different shape must be caused by at least two impurities. All in all, manual impurity 
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registration remains an often difficult and laborious task. It might be a good idea to 
develop software for this purpose. 

From the table with the impurity locations, a matrix containing the distance of every 
impurity to all other impurities is calculated. As the table is an array of x- and y
coordinates, the distance between the i-th andj-th impurity can be written as: 

Mij= J(xi -x1f +(yi- y1f (5.1) 

In this expression, Mij is the matrix element with coordinates i andj. 

To findanypractical distribution function, the distribution has to be calculated for 

intervals ofthe distance with a certain width L1r, for instanee 1 nm. Now for every 
impurity, the number of other impurities is counted which are located in a ring at a 

di stance of r-~L1r to r+ ~L1r away. The number of impurities present for all di stance 
intervals, forms the function s/r). The small i denotes the function s for the i-th 
impurity. A typical example of one such slr), calculated from the 50 x 50 nm scan 
m47, is displayed in Figure 5.2. 

Number of impurities within r-% N to r+%N 
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Figure 5.2 Distribution ofimpurities in intervals of2 nm 

5.1.2 Compensating for limited scan area 

For radii above 30 nm, the number ofimpurities in Figure 5.2 declines. One would, 
however, expect a steady rise since the area of the ring becomes larger as r increases. 
The reason for the declining number of counted impurities is quite simple: the STM 
scan only shows a limited area. As a STM scan is usually square, and at least 
rectangular, for increasing values ofr part ofthe ring is no longer within the scan, and 
naturally no impurities can be observed outside the scan. A sketch of this is displayed 
in Figure 5.3. 
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Figure 5.3 The ring Lir partly located outside the STM scan 

To compensate for this effect, the fraction ofthe ring that is still visible should be 
calculated. As the ring is typically thin, and r is the di stance to the middle of the ring, 
it produces only a small error when the visible part of a circle with radius r is 
calculated instead. A sketch ofthe procedure is presented in Figure 5.4 

y 

x 
Figure 5.4 Sketch for the calculation ofthe visible part ofthe circle 
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In Figure 5.4, x andy are the coordinates ofthe center, while dis the lengthand height 

of the scan. The angle a is equal to arccos(x/r), while f3 equals arccos(y/r). Together 

with y3, these angles should be Y.ztr. This means that angle y3 can be calculated: 

y3=Y.ztr-arccos(x/r)-arccos(y/r). Foranother (smaller) radius or origin, the circle may 

not interseet the scanframe in the bottom-left corner. In that case, r < min(x,y) and y3 

is Y.ztr. Fora larger radius, the entire lower-left part ofthe circle may not be within the 

scan. The radius is larger than the diagonal to the bottorn left corner: r > v(x2 +/) and 

y3 is just 0. A similar method can be used for the other three angles; the result is a 
function described in relation 5.2. 

r 1(x,y,d,r) = Yztr, r ~ min(d- x,d- y) 

d-x d-y 1 2 2 
y 1(x,y,d,r) = Yztr- arccos--- arccos--, min(d- x,d- y) < r < "(d- x) + (d- y) 

r r 

Y1(x,y,d,r) = 0, r ~ J(d- x)
2 
+ (d- y)

2 

r 2 (x, y, d, r) = Yz 1r, r ~ min( x, d - y) 

r 2(x,y,d,r) = Yztr- arccos~- arccos d- y, min(x,d- y) < r < Jx2 + (d- y)2 

r r 

y 2(x,y,d,r)=O, r~Jx2 +(d-y)2 

r3(x,y,d,r) = Yztr, r ~ min(x,y) 

r 3(x,y,d,r) = Yz 1r- arccos~- arccosy, min(x,y) < r < Jx2 +i 
r r 

r3(x,y,d,r) = 0, r ~ Jx 2 +i 

r 4 (x, y, d, r) = Yz 1r, r ~ min( d - x, y) 
d-x y 1 2 

r 4(x,y,d,r) = Yztr- arccos--- arccos-, min(d- x,y) < r < "(d- x) +i 
r r 

r 4(x,y,d,r) = 0, r ~ J(d- x)
2 
+i 

( d )
- r1(x,y,d,r)+r2(x,y,d,r)+r3(x,y,d,r)+r4(x,y,d,r) 

c x,y, ,r -
2tr 

(5.2) 

The function c(x,y, d, r) contains the fraction of the circle with center coordinates x,y 
and radius r, that is visible in a square scan with length d. For every impurity i, there 

is a separate c;(xi>y;,d,r) which tells what fraction ofthe ring ofr-Y.zL1r to r+Y.zL1r lies 
within the scan. To compensate for the invisible section, the number of impurities 
within the ring, s;(r), is divided by the visible fraction, c;(x;,y;,d,r). This function 
c;(x;,y;,d,r) typically consistsof several curve-steps added together, as is plotted in 
Figure 5.5. 
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Visible tradion of a cirde with radius r around an impurity 

1.0~----, 

0.8 

0.6 

10 

+-

20 30 

r(nm) 
40 50 

Figure 5.5 The visible fraction of a circle around an impurity 

For large distances, the visible part ofthe circle becomes very small. Therefore, all 
information was discarded for points on a ring visible for less than 5 percent. This 5 
percent line is represented by a dashed line in Figure 5.5. A typical plot ofthe 
compensated number ofimpurities s;(r)/c;(xi,yi>d,r) is presented in Figure 5.6. 
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5.1.3 Normalisation of the distri bution 

Dividing s;(r) by c;(x;,y;,d,r) normalises the number of impurities as ifthe entire ring 
would have been visible. To obtain the distribution per unit area, s;(r) is also divided 
by the area of the ring: 

s.(r) 
Distribution oc ' (5.3) 

c;(x;,ypd,r) · 2:rr · !:lr 

Normally, the actual distribution function, g(r) or in this case g;(r), is normalised so 
that a homogeneaus distri bution produces g(r) = 1. If the impurities in a scan would be 
distributed homogeneously, the number ofimpurities per unit area would be equal to 
the total number ofimpurities in the scan, N, divided by the total scan area, A. To 
finally obtain the distribution function g;(r) of one impurity, relation 5.3 must be 
divided by N/A: 

g;(r) = A· s;(r) 
N · c;(x;,y;,d,r) · 2:rr · !:lr 

The distri bution function of one impurity from m4 7 is displayed in Figure 5. 7. 
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Figure 5.7 The distribution function for one impurity 

I 

I 

(5.4) 

Every impurity on the scan has its own distribution function. The distribution function 
ofthe entire scan, g(r), can be found by averaging the individual distribution 
functions: 

(5.5) 

For the averaged function g(r) the standard deviation can easily be calculated from the 
individual distribution functions, using: 
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N 2 

I(g;(r)- g(r)) 
i-I (5.6) 

N(N -1) 
The averaged result of all 92 impurities from scan m47 is presented in Figure 5.8. 

Distri bution fundion for scan m47 I 1 g(r) I 

I 
·T- _;__ -,--

1.0 I I I - • I • I I 

• I _j_ I I • -+- _i_ • I t _i_ 

_L, _j_ _L ~ -, I 

T I 
I I 
l_ _i_ 

C> 0.5 

0. 0 -t--.-.---.---r-,-,....-,-.......-.---r--r-r--r-T"O"".......-.r-r-.....-,---r-.......-r~r-r-...---.-r-,..,---r-.-...--, 
0 5 10 15 20 25 30 35 

r(nm) 

Figure 5.8 Distri bution function for scan m4 7 

A program was developed to perform the entire calculation, from the table of 
registered impurities to the averaged distribution function (see Appendix C). The only 
task which still has to be performed manually is the registration of the impurity 
locations. 

5.2 Experimental results 

A number of STM scans showing a sufficient number of impurities were processed 
using the technique described insection 5.1. The results were analysed in order to 
gain insight into the presence of any ordering of the impurities. 

5.2.1 Bulk GaAs: sample m07 

Only a limited number of scans show sufficient impurities to produce interesting 
distribution functions. The scans should also contain no anomalies, or 'bad' parts, 
where the image does not seem to contain any impurities. This makes only little scans 
appropriate for processing. Due to this reason, and to the time-consuming task of 
registrating all impurity locations, only two scans have been processed so far, mostly 
to test the method itself. 
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The first processed scan is scan m07. lt is a 25 x 25 nm scan of p-GaAs, containing 25 
impurities. The GaAs was doped with a concentration of2.5·10

19 
Zn atoms/cm

3
. The 

distribution function is plotted in Figure 5.9. 
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Figure 5.9 Distribution function for scan m07 

From Figure 5.9, it seem that impurities do not appear closer than 2 nm toeach other. 
This is not caused by a limited resolution ofthe STM, which is in all cases less than 1 
nm. On the other hand, impurities at the same locations cannot be observed, so this 
may explain the complete absence of any impurities at 1 nm. In the STM scans, the 
visible size of a typical impurity is about 1 nm. Up to 8 nm, neighboring impurities 
show an increasing probability to occur, with a chance of 50 % at 3 nm. There seems 
to be no influence between an impurity and the region more than 8 nm away. 

5.2.2 Bulk GaAs: sample m47 

The other processed scan is m4 7. This is a similar sample as in the previous 
measurement, p-GaAs doped with a concentration of2.5·1019 Zn atoms/cm3

. The scan 
covers an area of 50 x 50 nm and contains 92 impurities. The distribution in the first 
1 0 nm is presented in F i gure 5.1 0. 

In this case, the first few nm show an increasing chance of finding other impurities, 
similar to Figure 5.9, where this happens in the first eight nm. A probability of 50% 
is reached at a distance of 2 nm, which may be compared to the 3 nm from sample 
m07. On a larger scale, the distribution is displayed in Figure 5.11. 
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Distri bution fundion for scan m47 
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Figure 5.10 Distri bution for m4 7 in the first ten nm 
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Figure 5.11 The distribution ofimpurities in m47 

For larger distances, there seems to be no influence on the distribution, as all points 
are located around 1. On the other hand, there seems to be a small periodic sine-like 
structure in the distri bution function. It is not very clear whether this is caused 
artificially by the mathematica! procedures or by a real physical effect. 
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5.2.3 lnterpretation 

Foranatomie lattice, the distri bution function consistsof several very sharp peaks, 
which indicate the lattice parameters. For all other values it is zero. As the distribution 
functions in the previous figures is approximately constant at a value of 1 for 
di stances over 10 nm, one can conclude that the impurities in the GaAs samples are 
not structured into some kind of lattice. For distances shorter than 10 nm, the 
distribution function decreases to 0. This may be caused by a repulsive effect in the 
first few nm. 

The number of observed impurities may also be used to determine the depth from 
which the impurities are still visible. The number of impurities, doping atoms, is 
normally known for a sample. As the concentration in the scanned area will be 
approximately the same as in the entire sample, the observed volume can be 
calculated, depending on the number of observed impurities in the scan. Since the 
scan area is known, the scan depth is found to be: 

d N.'iCWI = ------"='-'---

Asca/1 • ndoping 

(5.7) 

where Nscan is the number of impurities on the scan, A scan is the scan area and ndoping 

the doping concentration ofthe sample, as provided by the producer. For the sample 
from m4 7 the scan depth tums out to be 1. 7 nm, which is approximately 8 layers. 

5.3 Recommendations 

The practical use and the accuracy of the calculation method of the distri bution 
functions would be improved ifthe impurities could be recognised automatically. 
Also, it seems interesting to consider the distribution ofimpurities in delta-layers. 

5.3.1 Automatic impurity detection 

Registrating all impurities manually both takes a lot of time and is subjective as to 
where the impurities are located exactly, especially when the impurity is buried 
deeply or when more impurities overlap. To enhance the usefulness and the accuracy, 
it would be a good idea to develop a program which is capable of detecting the 
impurities. Simply taking all points above a certain value for the z-coordinate will not 
work, as the spots from impurities at the surface are much larger and higher than those 
of deeper impurities. One could, for instance, check for each point whether it is 
surrounded by points which have a lower z-coordinate. A more strict criterion could 
be that around every point two, three or even more points in each direction have a 
lower height than a point closer to the center. 

As a more sophisticated method, one could think of fitting a circular profile to all 
maxima on the scan. This will probably produce more accurate results, although it 
will take more calculation time. Especially overlapping impurities will be resolved 
better. Similar software may well be found among astronomers, as the STM scans of 
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impurities in GaAs often have a striking resemblance to the images of stars and 
nebulae as produced by large telescopes. Whatever way of automatic impurity 
detection will be used, the process will probably have to be tested thoroughly by 
camparing the output to manually produced results. 

5.3.2 lmpurity distribution in delta-layers 

In principle, the program which was developed for calculating the distribution 
functions in two-dimensional bulk scanscan be used todetermine the distribution in 
delta-layers as well. As a delta-layer scan is essentially one-dimensional, in reality 
some modifications have to be made to the function c and to the area to di vide by. 
There are two ways to make these modifications: one can consider the distribution as 
purely one-dimensional, or the two-dimensional approach is retained and the 
distribution perpendicular to the layer is also taken into account. 

If the distri bution is assumed to be one-dimensional, the scan should show a very 
narrow delta layer. In this case, the distances to other points as calculated by the 
program are almost correct, but not completely. To improve the accuracy, the distance 
along the delta-layer, which is the projection ofthe distance on the delta-layer, should 
be used instead ofthe actual distance in the scan (see Figure 5.12). 

. . t 1 d. t impurity 
proJeCtlOn~ ~Is.ance / 

~-------- =-=-=-=-=-==.. delta layer 

Figure 5.12 Calculated distance and its projection 

The c-function takes on a much simpler form: it is 1 when ris smaller than the nearest 
side ofthe scan, 0.5 when ris larger than the distance to the nearest side but smaller 
than the distance to the farthest side, and 0 when r is larger. The area is replaced by 
the length ofthe interval: t3.r. The one-dimensional g;(r) fora delta-layer is: 

_ A· s;(r) 
gi,delw(r)- N ( d ) 

. ci,delta X; ,yi' ,r . /1r 
(5.8) 

One may also choose to keep taking into account the two-dimensional character of the 
distribution ofthe impurities in an STM scan. The normal distances are used, so the 
calculation of s ;(r) remains the same as in section 5 .1.1. The c-function is 
approximated well by the c-function ofthe one-dimensional method. Multiplying t3.r 
by the width ofthe delta-layer, ddelta' provides a good approximation for the area. For 
this method, the distribution function is described as: 

A ·s;(r) 
gi,delta(r) = N ( d ) d 

. ci,delta xi'yi, ,r . delta. t3.r 
(5.9) 
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5.4 Conclusion 

In order to investigate the spatial distri bution of doping atoms, a statistica! method has 
been developed. This method calculates the radial distri bution function of a set of 
points, which represent the locations of the doping atoms on an STM scan. A 
computer program was produced to perform all the calculations. With a few minor 
modifications, this method and this program can also be used to calculate the 
distribution function of doping atoms in delta-layers. 

As probably the most important result, the doping atoms in the measured sample are 
not structured into a lattice. They do not influence each other over a di stance of more 
than 8 nm, while they repel other doping atoms as they are closer than 8 nm from each 
other. At approximately 2.5 nm, the chance of finding other impurities is about half 
the chance for a homogeneous distribution. 
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6 Conclusion 

The primary goal of this study was to perform Scanning Tunneling Microscopy scans 
in order to image the atomie structure of bulk GaAs and MBE-grown GaAs based 
multilayer structures. As GaAs oxidises rapidly in air, the entire STM had to be placed 
in an ultrahigh vacuum (UHV) environment. A clean sample surface can then be 
obtained by cleaving the sample in the UHV system. Imaging these cleaved surfaces 
is known as cross-sectional STM. To achieve adequate scanning results, the quality of 
the STM tips plays a crucial role. In the most ideal situation, an STM tip apex consists 
of only one atom, which will result in very good scans. Such a tip, however, is very 
hard to produce. Therefore, a major part ofthis study concerns the optimalisation of 
the tip preparatien process. 

A standard tip preparatien process was devised which produced the best results over a 
large number of experiments. This preparatien starts with the electro-chemical etching 
of a tungsten wire in KOH solution. In the UHV system it is annealed by an electron 
bombardment fora few minutes. Finally, the tip is sputtered by placing it in front of a 
conducting half sphere, at a negative potential of several hundred Volts. In a 1 o·5 torr 
Ne atmosphere, a current of 10 !J.A is sent through the tip. In the course of seconds or 
a few minutes, the voltage required for a current of 1 nA at a distance of 5 mm (FET 
voltage) should drop to approximately 400 V. 

Reproducibility is a major problem in tip preparation. The same preparation procedure 
may well produce tips which have widely varying FET voltages and produce 
completely different results in the STM. Also, the FET voltage is not a very good 
indication of a tip's performance in the STM. While the FET voltage can be reduced 
to 300-500 V in many cases, this proved no guarantee for good results in the STM. On 
the other hand, tips having a higher FET voltage do have a lower chance of producing 
adequateresultsin the STM. 

The sputtering process and the FET voltage are based on the phenomenon of field 
emission: electrens are drawn out ofthe tip surface by astrong field. To gain more 
insight, a modelbasedon the Fowler-Nordheim theory of field emission was devised 
to describe the process. With this model, one can estimate the strength and 
distri bution of the emission current, as well as the strength and shape of the electric 
field and potential involved. The emission characteristics of a tip can be checked as to 
whether they conform to the expected values as predicted by the Fowler-Nordheim 
emission law. If they do, this indicates that the tip is probably free of most 
contamination. As a convenient test, only the voltages required for 0.1 and 10 nA have 
to be measured. Ifthe tip behaves according to the theory, these voltages should 
deviate 10 and 12% from the FET voltage, respectively. 

The theory also makes it possible to find, with a relative error of about 25 %, the tip 
radius by a simple measurement of the current at a certain voltage. Comparison with 
SEM pictures ofthe sametips reveals that the calculated values ofthe tip radii are 
often realistic, although in most cases SEM pictures only show an upper limit for the 
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tip radius due to limited resolution of the SEM pictures. Some tips seem to have larger 
radii under the SEM than calculated by a FET voltage measurement. This is believed 
to be caused by small nm-scale protrusions on the tip apex which enhance the 
emission current. 

From a microscopie point of view, with the optimal preparation procedure as 
described above, it is often possible to produce tips which have a radius of 
approximately 10 or 20 nm. The FET voltage, an indication of this radius, is 
reproducible in many cases. The STM quality, however, does depend on the few 
atoms, or preferably the single atom, at the apex. While the dimensions ofthe tip apex 
can be controlled up to the 10 nm range by this preparation procedure, the 
contiguration of the apex atoms is determined by chance. 

Although many scans did not produce atomie resolution and some showed no features 
at all, atomie structures have been imaged successfully on other scans. Several dozens 
of scans show the GaAs lattice and also provide realistic values for the lattice 
parameters. In the [00 1] direction, for instance, the rows of atoms lie approximately 
5.0 A apart. This is somewhat less than the theoretica! value of 5.6 A, but as the 
distance of 5.0 A is measured on a majority of all scans, the deviation can probably be 
attributed to the calibration ofthe STM. The corrugation, with a literature value of 
0.03 nm, showed good correspondence with the experimental value of 0.04 nm. 

Accurate scans may also provide information about the tip apex. Simple features like 
single ad-atoms or mono-atomie steps on the surface may appear in a more 
complicated way on a scan. This indicates that the tip apex does not consist of a single 
atom, but of several atoms which arrangement can be deduced from the scan. 

Well-cleaved samples clearly show the doping atoms as white spots, which still show 
atomie corrugation ifthe noise is not too large. Artificially produced structures like 
superlattices and delta-layers have been imaged successfully, although many attempts 
were required to achieve this. In case ofthe superlattices, the Al atoms in the AlGaAs 
lattice seem to oxidise rapidly. 

In order to investigate the spatial distri bution of doping atoms, a statistica! method has 
been developed. This method calculates the radial distri bution function of a set of 
points, which represent the locations of the doping atoms on an STM scan. A 
computer program was produced to perform all the calculations. With a few minor 
modifications, this method and this program can also be used to calculate the 
distri bution function of doping atoms in delta-layers. 

As probably the most important result, the doping atoms in the measured sample are 
not structured into a lattice. They do not influence each other over a di stance of more 
than 8 nm, while they repel other doping atoms as they are closer than 8 nm from each 
other. At approximately 2.5 nm, the chance of finding other impurities is about half 
the chance for a homogeneous distribution. 
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Appendix A: Tip preparatien data 

Etching 

The characterisation of all tips produced between 7-4 and 1-10 was registrated. The 
results for all 0.25 rnrn tips after etching are presented in Table A.I. 

FET voltage tip quality heating FET voltage tip quality heating 
(V) (hours) (V) (hours) 

925 2 452 

990 154 3 4 

488 1 620 

358 4 566 

403 3.5 315 2.5 2 

800 2.5 327 1.5 2 

646 339 4 2 

240 3 862 

550 806 2 

840 917 2 

380 652 2 

800 600 2 

740 237 4 

840 420 4 

912 253 4 
700 3.5 4 492 4 
380 4 4 203 4 

386 5 4 216 4 

696 4.5 4 655 4 

436 16 1024 

461 16 777 

407 16 750 

106 2 350 

184 4.5 4 

Table A. I Tip etching data for 0.25 mm tungsten wire 

The average FET voltage for all 0.25 mm tips is 546 V, with a standard deviation of 
251 V. A total of 16ofthese tips were used in STM scans, resulting in an average 
quality of 3.2 with a standard deviation of 1.2. All FET voltages were measured at a 
distance of 1 rnrn between tip and counterelectrode. Some wires were heated in 
vacuum in order to change the microstructure, prior to etching, at approximately 2000 
K. The column 'heating' shows the number ofhours they were heated.All 0.25 mm 
tips were sputtered using contiguration 1 (see section 2.3.3). 

A tirst set of 0.10 mm tips was also sputtered using contiguration 1; their FET voltage 
was measured at 1 mm. The results forthese tips are displayed in Table A.2. 
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Appendix A: Tip preparation data 

FET tip FET tip FET tip 
voltage (V) quality voltage (V) quality voltage (V) quality 

800 235 2.5 271 2.5 
522 4 284 1 332 2 
246 145 3 877 

255 195 1 917 

207 189 3.5 414 1 

190 230 3 285 3.5 
242 215 380 3 
776 3 215 2.5 232 1.5 
790 

Table A.2 Tip etching data for 0.10 mm tips, first set 

The average FET voltage for this set ofO.lO mm tips is 378 V, with a standard 
deviation of 246 V. A total of 16 of these tips were used in STM scans, resulting in an 
average quality of 2.5 with a standard deviation of l.O. 

The second set of 0.10 mm tips was sputtered under the conditions of contiguration 2. 
Furthermore, the FET voltage was determined at a distance of 5 mm between tip and 
ball. These results are presented in Table A.3. 

FET tip FET tip FET tip 
voltage (V) quality voltage (V) quality voltage (V) quality 

630 607 3 347 4.5 
580 2 361 612 
350 4 888 713 
440 4 1150 4 789 
550 2.5 247 1.5 373 
358 2.5 308 460 
620 3 561 3 302 

Table A.3 Tip etchmg data for 0.10 mm tips, second set 

The average FET voltage (measured at 5 mm) for this set of 0.10 mm tips is 536 V, 
with a standard deviation of223 V. A total of 16ofthese tips were used in STM 
scans, resulting in an average quality of 3.1 with a standard deviation of 0.9. 

Annealing 

F or most annealing procedures, a tip-current of approximately 1 IJ.A was used, at a tip 
potential of+ 500 V. The results of annealing 63 tips using this method are displayed 
in Table A.4. The average rise in FET voltage was 2 %, with a standard deviation of 
37 %. In total, 35 tips were used in measurements, which producedan average quality 
of2.8, with a standard deviation of 1.2. 
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VFET(V) VFET(V) /).V FET tip VFET(V) VFET(V) /1VFET tip 
before after (%) quality before aft er (%) quality 

925 933 0.9 862 893 3.6 3.5 

488 451 -7.6 1 806 655 -18.7 1 
358 289 -19.3 4 917 888 -3.2 3.5 
403 438 8.7 3.5 652 456 -30.1 3 
240 206 -14.2 3 600 251 -58.2 2.5 

380 349 -8.2 4 237 280 18.1 2.5 

522 483 -7.5 3.5 420 447 6.4 2 
531 529 -0.4 253 364 43.9 2 
465 350 -24.7 2289 1720 -24.9 1 
800 827 3.4 3.5 492 260 -47.2 3.5 
740 653 -11.8 4 203 228 12.3 
840 768 -8.6 216 304 40.7 
912 807 -11.5 655 418 -36.2 
246 674 174.0 5 1024 1200 17.2 
2340 2623 12.1 4.5 777 673 -13.4 
1526 720 -52.8 750 465 -38.0 
380 354 -6.8 350 502 43.4 
386 428 10.9 4.5 255 616 141.6 
696 547 -21.4 207 258 24.6 
436 325 -25.5 3 190 205 7.9 
461 475 3.0 2.5 242 207 -14.5 
407 425 4.4 2 776 664 -14.4 
184 198 7.6 1 790 720 -8.9 
452 342 -24.3 1 235 338 43.8 
154 224 45.5 1.5 284 353 24.3 
620 462 -25.5 189 195 3.2 
566 579 2.3 253 245 -3.2 
315 184 -41.6 4 230 275 19.6 
166 184 10.8 3 215 230 7.0 

1658 1372 -17.2 2.5 271 346 27.7 
327 357 9.2 1 332 400 20.5 
339 302 -10.9 3 

Table A.4 Tip annealing results for anneahng at 1 J.tA 

All tips which would be sputtered using contiguration 2, were annealed using a larger 
current of 25 J.tA. The anneal voltage was still 500 V. In total, 28 tips experienced an 
average drop in the FET voltage of 10 %, with a standard deviation of 16 %. The 19 
tips which performed STM measurements, produced an average quality of 3.1, with a 
standard deviation of 0.8. 
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VFET(V) VFET(V) !lVFET tip VFEr(V) VFEr(V) /1VFET tip 

befare aft er (%) quality befare aft er (%) quality 

630 506 -19.7 413 432 4.6 2.5 

580 336 -42.1 4 364 326 -10.4 3 

350 360 2.9 3.5 247 301 21.9 3 

1970 1750 -11.2 4 308 330 7.1 1.5 

440 307 -30.2 2 368 370 0.5 3 

550 345 -37.3 3 315 336 6.7 4.5 

358 297 -17.0 4 575 563 -2.1 

620 365 -41.1 4 612 506 -17.3 

607 575 -5.3 2.5 713 730 2.4 

361 296 -18.0 2.5 789 750 -4.9 

888 700 -21.2 3 373 346 -7.2 

1150 845 -26.5 4 460 367 -20.2 

479 406 -15.2 3 302 378 25.2 

780 662 -15.1 2.5 4200 4240 1.0 

Table A.5 Tip annealing results for annealing at 25 11A 

Sputtering 

In total, 73 sputter processes were performed with contiguration 1: 1 mm between tip 
and balland a background pressure about 10-9 torr. Most ofthe time, the process 
considerably lowers the FET voltage. Only in 4 of the 73 occasions, sarnething went 
wrong and the FET voltage was raised by many hundreds of Volts. All other results 
are displayed in table A.6. 

VFET(V) VFET(V) !lVFET tip VFEr(V) VFEr(V) /1VFET tip 
befare aft er (%) quality befare aft er (%) quality 

933 595 -36.2 2 720 424 -41.1 3.5 
541 275 -49.2 1 354 262 -26.0 4 
289 177 -38.8 4 428 324 -24.3 5 
438 239 -45.4 3.5 547 510 -6.8 4.5 
800 398 -50.2 2.5 325 298 -8.3 
206 195 -5.3 3 475 325 -31.6 
746 395 -47.1 425 949 123.3 
349 414 18.6 198 163 -17.7 4.5 
483 296 -38.7 4 342 373 9.1 
529 289 -45.4 224 197 -12.1 3 
350 281 -19.7 3.5 462 393 -14.9 
827 230 -72.2 579 338 -41.6 
653 261 -60.0 184 177 -3.8 2.5 
768 329 -57.2 184 216 17.4 1 
674 425 -36.9 1372 1143 -16.7 1 
1050 573 -45.4 357 276 -22.7 1.5 
2623 2390 -8.9 302 191 -36.8 4 
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VFET(V) VFET(V) /).V FET tip VFET(V) VFET(V) /).V FET tip 

before aft er (%) quality before aft er (%) quality 

1853 2256 21.7 465 474 1.9 

888 462 -48.0 502 347 -30.9 

750 405 -46.0 616 386 -37.3 

456 454 -0.4 258 182 -29.5 

251 278 10.8 205 149 -27.3 

280 151 -46.1 207 221 6.8 

447 280 -37.4 664 319 -52.0 3 

364 258 -29.1 338 338 0 2.5 

1720 1695 -1.5 353 224 -36.5 1 

204 178 -12.7 145 134 -7.6 3 

2050 734 -64.2 195 253 29.7 

2660 1010 -62.0 195 145 -25.6 3.5 
260 290 11.5 245 223 -9.0 1 

228 210 -7.9 275 172 -37.5 3 

304 220 -27.6 215 196 -8.8 

418 430 2.9 230 244 6.1 2.5 

1200 424 -64.7 346 174 -49.7 2.5 

673 232 -65.5 

Table A.6 T1p sputtenng data for contiguration 1 

This way of sputtering could lower the FET voltage by 23 % in average, with a 
standard deviation of30 %. The average quality ofthe 28 tips used in measurements 
was 2.8, with a standard deviation of 1.2 Sputtering in contiguration 2: a distance of 5 
mm, (mostly) 10 ~-tA sputtering current and a pressure of 1 o-5 to 10-4 torr Ne, showed 
two very different kinds of results. Either tips are partially or completely destroyed, 
attaining a FET voltage of2000 to more than 5000 V, or tips survive and often 
produce good measurements thereafter. On 21 of the 62 occasions, one third of all 
sputtering operations, the tip was destroyed. The remaining sputtering data are 
displayed in Table A.7. 

VFET(V) VFET(V) /). VFET (%) tip !sputter 

before aft er quality (~-tA) 

333 281 -15.6 1 
2000 358 -82.1 5 
427 379 -11.2 3 
196 327 66.8 5 
237 165 -30.4 1 
398 239 -39.9 4 10 
407 308 -24.3 4 10 
307 476 55.0 4 10 
476 653 37.2 1 

800 410 -48.8 4 10 

297 559 88.2 2.5 10 

365 513 40.5 3 10 
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VFET(V) VFET(V) óVFET(o/o) tip I sputter 

before aft er quality (J.tA) 
575 650 13.0 10 

845 683 -19.2 10 
490 575 17.3 5 
650 513 -21.1 3 
683 485 -29.0 4 1 
595 414 -30.4 3 1 
481 425 -11.6 2.5 1 
406 780 92.1 10 
662 592 -10.6 10 
592 498 -15.9 2.5 1 
432 428 -0.9 3 10 
326 518 58.9 3 10 
363 274 -24.5 10 
340 368 8.2 10 
301 241 -19.9 1.5 7 
330 368 11.5 10 
370 352 -4.9 10 
561 306 -45.5 3 10 
556 572 2.9 10 
565 462 -18.2 10 
295 399 35.3 5 
414 347 -16.2 4.5 10 
347 389 12.1 5 
399 315 -21.1 10 
336 450 33.9 8 
450 421 -6.4 7 
563 384 -31.8 10 
730 540 -26.0 10 
346 306 -11.6 10 
Table A.7 T1p sputtermg data for contiguratiOn 2 

For the 41 successful procedures, an average decrease of62 V or 1 %, with a standard 
deviation of293 V or 37% was produced. The average quality ofthe 16 tips which 
were used in STM scans, was 3.3 with a standard deviation of0.8. Almost half(7 out 
of 16) ofthe tips showed atomie resolution. The best results have been achieved 
employing a current of 1 0 J.tA. 
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Electric field 

The calculations in section 3.1 were all conducted in MapleV. As a first step, the term 
f3/flo from relation 3.8 was calculated fora common tip shape. 

E = i!_E0 and 
f3o 

One ofthe tip shapes presented in Dyke's artiele was used [19], where nis 0.10, and 
a/r0 equals 0.30875. The remaining variable, r, was calculated using relation 3.5: 

V= (V ;;;~~)(r"- a 2
"+

1r-"- 1)P,,(cosB) (3.5) 

VR = applied potential between sphere-on-cone and anode 
R = distance to anode 
a= radius ofthe sphere 
P n = Legendre function, order n (non-integral) 

B, r = polar coordinates 

Here, VR-Vwas set to 400 V; R equalled 0.005 m. Takinga as 4.86 nm, produced a 
value for r(O)=r0=15.74 nm. This radius corresponds with a FET voltage of 400 V 
( originally the calculation was performed with arbitrary numbers, but to check the 
validity it was repeated with actual values). The resulting values were fitted toa 
polynomial, which produced: 

E = ( 1 + 0.004258- 0.137B2)E0 (3.10) 

The calculation can be found in the MapleV worksheet 'Betanorm'. 

Current, current density and tip radius 

With this re sult, and the expression for the emission current density, relation 3.1, the 
resulting emission current can be obtained by integration over the tip surface: 

tr 

I(Vm,R,r0 ,rp) = 2trr0
2 fJ(V,11 ,R,r0 ,rp,B)sinBdB (3.12) 

0 

These calculations are performed in MapleV worksheet 'JOicalc'. To obtain the radius 
fora measured current and voltage, one should use the line 'Itheory' close to the end 
ofthe worksheet. A value for the voltage, Vm, and for the radius, r0, should be inserted 
and the resulting current can be calculated. By modifying r 0 to match the measured 
current, the tip radius is found. 
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The sarne worksheet 'JOicalc' contains the calculation ofthe Fowler-Nordheim plots. 
The last two lines of the worksheet provide the value of the electric field, depending 
on the tip radius and the voltage, and of its inverse in ÁIV. This inverse field is the x
coordinate ofthe points in the Fowler-Nordheim plot. The y-coordinate also contains 
the (inverse) field, but the current density is required as well. The theoretica! value is 
obtained by the line 'JOtheory'. The experimental value is produced by 'JOmeasured', 
for which also the value of the integral 'JOint' is required. This the integral from 
relation 3.14: 

J0{I,V",,R,r0 ,rp) = Y " 
/ 2;rr0

2 fJn(V,",R,r0 ,rp,B)sinBdB 
(3.14) 

To make the calculation easier, the values for tip radius, current and voltage can be 
tilled in in the line: 'r:=15.74e-9; V:=400; Is:=le-9;' (originally showing the standard 
values fora FET voltage of 400 V). lfthey are filled in, the remaining lines canjust 
be entered without any modifications (except the calculation of I, 'ltheory'). The data 
can be inserted in the Origin 4.0 file 'jOproces', which will conveniently produce the 
Fowler-Nordheim plots. 

Other calculations 

The calculations from section 5 .1.2 were also performed in MapleV worksheets. The 
current distribution was calculated in 'Intheta' and the potential from tip to 
counterelectrode was obtained in worksheet 'fieldshp'. The relation ofthe electric 
field, the current and the voltage to the tip counterelectrode distance was calculated in 
'Distcalc'. 
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Appendix C: Distribution tunetion 

The calculation of the distri bution function as presented in section 5.1 was performed 
by a computer program written in Turbo Pascal 7.0. This appendix serves as a manual. 

The inputfile 

The main input of the program is a file containing all impurity locations, which are 
extracted manually from a suitable STM scan. The maximum number of impurities is 
500. The inputfile must be an ASCII (text) file, and should have the extension '.txt'. 
The file should contain the x,y and z coordinates of all impurities: impurity 1 in row 1, 
impurity 2 in row 2 ... as in Figure A.I. 

x-coordinate impurity 1 
x-coordinate impurity 2 
x-coordinate impurity 3 

y-coordinate impurity 1 
y-coordinate impurity 2 
y-coordinate impurity 3 

z-coordinate impurity 1 
z-coordinate impurity 2 
z-coordinate impurity 3 

Figure A. I Schematic outline of inputfile 

The z-coordinate is imported to allow further improvements to the program. The 
present program, however, does not use the z-values. Therefore any z-value, except 0, 
can be entered without affecting the results. 

The keyboard input 

Wh en starting, the program first asks the name of the inputfile. It should be provided 
without extension. After this, the size of the STM scan, in nm, must be imported. The 

program then inquires about the size ofthe radius intervals, Ltr. This size affects the 
number of points the resulting distri bution function will have. Larger intervals will 
produce distribution functions with less points, but with smaller error margins than for 
smaller intervals. The total number of intervals, the maximum radius divided by the 
interval size, should not exceed 500. Finally, the maximum radius must be entered. 
The distri bution function will be calculated up to this distance. lf a value of 0 is 
entered, the maximum radius is set to the maximum distance in the scan: the length of 
the diagonal. 

The outputfiles 

The program produces three outputfiles. The first one is a matrix, containing all mutual 
distances ( discarding the z-component) between the locations. On the first row, the 
distances from the first impurity to itself, to the second impurity, to the third 
impurity ... are displayed. In mathematica! terms, the matrix can bedescribed as: 

Mij= ~(x; -x1r +(Y;- y1r 
The file is named after the inputfile, but has extension '.mat'. lt is an ASCII textfile. 
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Appendix C: Dis tribution function 

The second outputfile contains the individual distri bution functions of all impurities. 
The actual calculation is described in section 5 .1. Th ere is one parameter which could 
be adjusted in the calculation. In section 5 .1.2, the visible fraction of the circle around 
an impurity is calculated. In the standard calculation, all information from a ring 
showing less than 5 percent was discarded. If desired by the user, this 5 percent could 
be modified by changing the value ofthe constant 'covborder' at the beginning ofthe 
program code. 

The second outputfile also has the same name as the inputfile, but has an extension of 
'.gri'. It as an ASCII textfile as well. The format of the file is outlined in Figure A.2. 

glk) 

g2(L1r) 

g3(L!r) 

g1(2L!r) 

g2(2L1r) 

g3(2L1r) 

gl3L!r) 
g2(3L!r) 

g3(3L1r) 

gl(4L1r) 
g2(4L!r) 

g3(4L!r) 

Figure A.2 Schematic outline ofthe second outputfile 

For large distances, some individual distribution functions will contain no information, 
as the circle around it is for less than 5 percent within the scan. The value of the 
individual distribution function is set to '-9.000' in this case. These data will be 
discarded in calculating the averaged distribution function. 

The third and last outputfile contains the averaged distri bution function of the entire 
scan, the g(r). It contains the radius, the value ofthe distribution function for that 
radius, the standard deviation of this value and the number of significant impurities. 
The standard deviation is calculated using relation 5.6. The number of significant 
impurities denotes the number of impurities that is averaged to obtain the g(r). F or a 
small radius, this will equal the total number of impurities. Fora larger radius, some 
individual distribution functions will contain no information. This will also affect the 
standard deviation, which will be higher in that case. 

The last outputfile is an ASCII textfile like the other outputfiles, and also has the same 
name. The extension is '.dat'. A schematic outline is presented in Figure A.3. 

radius g(r) Sg(r) #of gi(r) 
L!r g(L!r) Sg(L1r) max 

2,1, g(2L!r) Sg(2L1r) max 
3,1, g(3L!r) Sg(3L1r) max 

Figure A.3 Schematic outline of the third outputfile 

In this format, the file can easily be imported in Origin, in order to make graphs of the 
results. The program text is listed on the next pages. 
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Program listing 

Program GR; 

(* Dit programma GR dient ter berekening van radiële distributiefuncties *) 
(* uit de locaties van een aantal punten. Meer specifiek is het bedoeld *) 
(* om de radiële distributie van onzuiverheden in bulkhalfgeleiders of *) 
(* halfgeleider (multi)lagen te berekenen. *) 
(* *) 
(* Als invoer heeft het programma een textfile nodig die in drie kolommen *) 
(* respectievelijk de x-, y-en z-coördinaten van de impurities bevat. De *) 
(* naam van deze file is vrij te kiezen, de extensie moet '.txt' zijn. Het *) 
(* programma rekent eerst een matrix uit met onderlinge afstanden, en *) 
(* slaat deze op in een textfile genaamd '<name>.mat'. Vervolgens worden *) 
(* uit deze matrix de distributiefuncties van alle afzonderlijke *) 
(* impurities berekend. Hierbij wordt gecorrigeerd voor het feit dat bij *) 
(* grotere stralen niet de gehele 'cirkel' binnen de scan valt. Er kan een *) 
(* grenswaarde opgegeven worden voor welke zichtbare fractie van de *) 
(* 'cirkel' het programma het punt nog mee mag nemen. Deze fractie is de *) 
(* constante 'covborder' aan het begin van de programmatekst, en staat *) 
(* standaard op 5 %. De matrix met de afzonderlijke distributiefuncties *) 
(* wordt opgeslagen in een textfile '<name>.gri'. Voor alle afstanden waar *) 
(* het programma helemaal geen punten meer voor mag meenemen, verschijnt *) 
(* de waarde '-9.000'. Deze waarden worden niet meegenomen in de verdere *) 
(* berekening. *) 
(* *) 
(* Uiteindelijk berekent GR de gemiddelde radiële distributiefunctie. *) 
(* Hierbij worden per straalinterval uiteraard alleen de punten meegenomen *) 
(* die bij deze straal nog andere onzuiverheden 'zien'- de '-9.000's *) 
(* dus verwaarloosd. Het eindresultaat vanGRis een textfile met daarin *) 
(* in de eerste kolom de straal, in de tweede de gemiddelde radiële *) 
(* distributiefunctie, in de derde de standaarddeviatie daarin en in de *) 
(* vierde het aantal onzuiverheden dat nog heeft bijgedragen aan de *) 
(* gemiddelde waarde. De file met dit resultaat krijgt de naam *) 
(* '<name>.dat' en kan rechtstreeks worden ingevoerd in bv. Origin met *) 
(* behulp van het 'import ASCII' commando. *) 
(* *) 
(* Het programma kan maximaal 500 onzuiverheden en 500 straalintervallen *) 
(* aan, hoewel een grotere capaciteit vrij eenvoudig kan worden verkregen, *) 
(*door overal de 500 door bv. 1000 te veranderen. De bovengrens van de *) 
(* straal kan zelf ingegeven worden, maar kan ook berekend worden door GR. *) 
(* In dat geval wordt de maximale straal de lengte van de diagonaal van de *) 
(* scan, die dus meestal wat hoger is dan de grootste voorkomende afstand. *) 
(* Met de z-coördinaat van de ingevoerde coördinaten wordt nog niets *) 
(*gedaan. Het meenemen van deze informatie kan aanleiding geven tot een *) 
(*uitbreiding van het programma. De ingevoerde punten mogen overigens *) 
(* niet exact op de rand van de scan liggen, en de z-waarden mogen niet 0 zijn. *) 
(* *) 
(* Geschreven door Emile Martens, 5-11-1997. *) 

Uses Crt; 

const 
covborder = 0.05; 

type 
Arr= array [1..500] ofreal; 
Arr3= array [1..500,1..3] ofreal; 
Arr4= array [1..500,1..4] ofreal; 
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procedure Input (fnpr: string; var tnipr: integer; var Loc: Arr3); 
var (* procedure voor inlezen data *) 

data: text; 
i: integer; 

begin 
assign( data, fnpr+'. txt'); 
reset( data); (* openen van de file*) 
for i:= 1 to 500 do 

begin (* inlezen van x,y,z *) 
readln (data, Loc[i,l], Loc[i,2], Loc[i,3]); 
ifLoc[i,3] <> 0 then tnipr:=i; 

end; (* bepalen van aantal punten *) 
close (data); 
writeln('File ',fnpr,'.txt ingelezen'); 
writeln; 

end; 

procedure Matrix (Loc: Arr3; sn:integer; nm: string); 
var (* procedure voor het berekenen *) 

indr,indc: integer; (* van de onderlinge afstanden *) 
dist: real; 
fl: text; 

begin 
assign( fl,nm+'.mat'); 
rewrite(fl); (* aanmaken outputfile '.mat'*) 

(* voor elke rij *) for indr:= 1 to sn do 
begin 

for inde:= I to sn do 
begin 

(* en elke kolom *) 

dist:=sqrt(sqr(Loc[indc, 1]-Loc[indr, 1]) 
+ sqr(Loc[indc,2]-Loc[indr,2])); 
write(fl,dist:6: 1 ); (* afstand/\2=(x l-x2)/\2 + (yl-y2)A2 *) 

end; 
writeln(fl); 

end; 
(* na iedere rij naar volgende regel *) 

close(fl); 
end; 

function Cover (sizex,sizey,xloc,yloc,rad:real): real; 
var (* functie om zichtbare fractie van straalcirkel te berekenen*) 

cov 1 ,cov2,cov3,cov4,xdr,ydr,dmxdr,dmydr: real; 
begin 

xdr:=xloc/rad; (* x/r *) 
ydr:=yloc/rad; (* y/r *) 
dmxdr:=(sizex-xloc)/rad; (* (dx-x)/r *) 
dmydr:=(sizey-yloc)/rad; (* (dy-y)/r *) 
ifxdr > 1 then xdr:=l; (*signaleren r geheel binnen scan*) 
if ydr > 1 then ydr:= 1; 
if dmxdr > 1 then dmxdr:= 1; 
if dmydr > 1 then dmydr:= 1; 
ifrad >= sqrt(sqr(sizex-xloc)+sqr(sizey-yloc)) then covl:=O 

(* signaleren r geheel buiten scan *) 
else if ( dmxdr = 1) and ( dmydr = 1) 
then covl:=0.5*Pi else 
begin (* r gedeeltelijk in scan: arccos *) 

covl:=0.5*Pi- arctan (sqrt((l/sqr(dmxdr))-1)) 
- arctan (sqrt((l/sqr(dmydr))-1)); 

end; 
ifrad >= sqrt(sqr(xloc)+sqr(sizey-yloc)) then cov2:=0 
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else if (xdr = 1) and ( dmydr = I) 
then cov2:=0.5*Pi else 
begin 

cov2:=0.5*Pi- arctan (sqrt((l/sqr(xdr))-1)) 
- arctan (sqrt((l/sqr(dmydr))-1)); 

end; 
ifrad >= sqrt(sqr(xloc)+sqr(yloc)) then cov3:=0 
else if (xdr = 1) and (ydr = 1) 
then cov3:=0.5*Pi else 
begin 

cov3:=0.5*Pi- arctan (sqrt((llsqr(xdr))-1)) 
- arctan (sqrt((l/sqr(ydr))-1)); 

end; 
ifrad >= sqrt(sqr(sizex-xloc)+sqr(yloc)) then cov4:=0 
else if(dmxdr = 1) and (ydr =I) 
then cov4:=0.5*Pi else 
begin 

cov4:=0.5*Pi- arctan (sqrt((1/sqr(dmxdr))-1 )) 
- arctan (sqrt((l/sqr(ydr))-1)); 

end; 
cover:=(cov1 +cov2+cov3+cov4)/(2*Pi); (*totale fractie*) 
end; 

procedure Grimat (fnpr:string; tnipr,ndrpr:integer; lxpr,lypr,drpr:real; var Loc:Arr3); 
var (* procedure om alle gi(r)'s te berekenen *) 

lb, hb, cov: real; 
giout, data2: text; 
m,j,k,l, outc: integer; 
row, girow: Arr; 

begin 
assign(giout,fnpr+'.gri'); 
rewrite(giout); (* uitvoerfile voer alle gi(r)'s aanmaken *) 
for m:=1 to tnipr do (* voor elk punt*) 
begin 

assign( data2, fnpr+' .mat'); 
reset(data2); (* openen afstandenmatrixfile *) 
for j:=1 to (m-1) do readln(data2); (*ga naar de m-de rij *) 
for j:=1 to tnipr do read(data2, row[j]); 

(* lees alle afstanden van de rij in *) 
close( data2); 
for k:=1 to ndrpr do (* voor elk straalinterval *) 
begin 

lb:=(k-0.5)*drpr; (* ondergrens interval *) 
hb:=(k+0.5)*drpr; (* bovengrens interval *) 
Glrow[k]:=O; (* initialisatie van het intervalk *) 
for 1:=1 to tnipr do (* voor elke afstand in de rij *) 
begin (* check of hij in het interval zit *) 

if (row[l] >= lb) and (row[l] < hb) then 
Glrow[k]:=Girow[k]+ 1; 

end; 
cov:=cover(lxpr,lypr,Loc[ m, 1 ],Loc[ m,2],k* drpr); 

(* bereken zichtbare deel *) 
if cov = 0 then cov:=O.OO 1; (* voorkom delen door nul *) 
Glrow[k]:=Girow[k]/cov; (*corrigeer het aantal*) 
Girow[k]:=(Girow[k]*lxpr*lypr)/(tnipr*2*Pi*k*drpr*drpr); 

(* reken om naar rad. distr. *) 
if cov < covborder then Glrow[k]:=-9; 

(* bij te klein zichtbaar deel: punt verwaarlozen *) 
end; 
for outc:=1 to ndrpr do write(giout, Glrow[outc]:7:3); 
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writeln(giout); (* schrijf de m-de gi(r) weg *) 

end; 
close(giout); 
writeln('Alle ',tnipr,' afzonderlijke g(r)s zijn berekend en gesaved in ',fnpr+'.gri.'); 
writeln; 

end; 

procedure Grcalc (ndrpr,tnipr:integer;drpr:real;fnpr:string; var grrn:Arr4); 
var (* procedure om de gemiddelde g(r) te berekenen *) 

giin: text; 
gm, nsi, gim, gicn, m: integer; 
sum, sdev: real; 
gicol: Arr; 

begin 
for gm:=l to ndrpr do (*voor iedere kolom van de gri-file *) 
begin 

grrn[gm, I ]:=gm*drpr; (* de eerste kolom van grrn: r=gm*dr *) 
sum:=O; (* initialisatie som en *) 
nsi:=O; (* aantal significante punten nsi *) 
assign(giin,fnpr+'.gri'); 
reset(giin); (* openen gri-file *) 
for gim:=l to tnipr do (* voor elke rij in de gri-file *) 
begin 

for gicn:=l to gm do 
begin 

read(giin, gicol[gim]); (* lees de gm-de waarde*) 
end; 
readln(giin); 

end; (* resultaat: kolom uit gri-file *) 
close(giin); 
for m:=l to tnipr do (* voor elk element uit de kolom*) 
begin 

if gicol[m] <> -9 then (* check significantie*) 
begin (* bereken de som van alle *) 

sum:=sum+gicol[m]; (* significante waarden*) 
inc(nsi); (* tel het aantal significante punten *) 

end; 
end; 
if nsi > 1 then 
begin 

grrn[gm,2]:=sum/nsi; (* bereken gemiddelde *) 
sdev:=O; (* bereken standaard deviatie van gemiddelde *) 
for m:=l to tnipr do sdev:=sdev+sqr(gicol[m]-grrn[gm,2]); 
grrn[gm,3]:=sqrt(sdev/(nsi*(nsi-l ))); 

end 
else grrn[gm,2]:=-9; 
grrn[gm,4] :=nsi; 

end; 
end; 

(* tenzij nsi = 0 *) 
(* schrijf nsi weg *) 

procedure Grsave (ndrpr: integer; fnpr: string; grrn: Arr4); 
var (* procedure om de uiteindelijke g(r) weg te schrijven *) 

result: text; 
eofgr, gm: integer; 
grend: real; 

begin 
eofgr:=ndrpr+ I; 
repeat 

dec(eofgr); (*bepaal einde van het significante deel*) 
grend:=grrn[ eofgr,2]; 
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assign(result, fnpr+' .dat'); 

Appendix C: Distri bution function 

rewrite(result); (* maak de uitvoerfile aan *) 
writeln(result,' r(nm) g(r) sg(r) #'); 
for gm:=l to eofgr do 
begin 

writeln (result, grm[gm,l]:5:1, grm[gm,2]:7:3, grm[gm,3]:7:3, grm[gm,4]:4:0); 
end; 
close(result); (* schrijf de matrix grm weg *) 

end; 

var 
fn: string; 
tni,ndr: integer; 
lx,ly,dr,maxr: real; 
imploc: Arr3; 
gravg: Arr4; 

BEGIN; 
ClrScr; 

(* opvragen van de benodige parameters *) 

writeln('******* ******* ****** * Distributiefunctie berekenen ***** ************'); 
writeln; 
writeln('Wat is de filenaam van de tabel met impuritylocaties?'); 
writeln('Als extensie wordt .txt verwacht.'); 
readln(fn); 
writeln; 
writeln('Wat is de horizontale afmeting van de scan in nm?'); 
readln(lx); 
writeln('En de verticale?'); 
readln(ly); 
writeln; 
writeln('Hoe groot moeten de straalintervallen (in nm) in de berekening zijn?'); 
writeln('Er zijn maximaal 500 intervallen.'); 
readln( dr); 
writeln; 
writeln('Tot welke straal moet de g(r) uitgerekend worden? Typ 0 voor maximaal.'); 
readln(maxr); 
writeln; 

Input(fn,tni,imploc); (* inladen gegevens*) 

Matrix(imploc,tni,fn); (* berekenen en opslaan onderlinge afstanden *) 
writeln('De afstandenmatrix is berekend en opgeslagen onder de naam ',fn+'.mat.'); 
writeln; 

if maxr = 0 then ndr:=round(sqrt(sqr(lx)+sqr(ly))/dr) 
else ndr:=round(maxr/dr); (* berekenen aantal straalintervallen *) 
Grimat (fn,tni,ndr,lx,ly,dr,imploc); 

(* berekenen en opslaan van alle gi(r)'s *) 

Grcalc (ndr,tni,dr,fn,gravg); (* berekenen gemiddelde g(r) *) 

Grsave (ndr,fn,gravg); (* wegschrijven g(r) *) 
writeln('De gemiddelde g(r) is berekend en opgeslagen in ',fn+'.dat.'); 
writeln; 

End. 
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