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Abstract 

During this project, the capabilities of an Atomie Force Microscope as a lithograpbic tool 
have been the subject of research. A double resist layer structure has been employed in which 
scratches were plowed with a non-contact mode AFM tip, thus creating a negative mask for 
roetal evaporation. Influences of UV-exposure of the bottorn layer, development time, tip 
force and scan speed have been tested. However, the project failed in creating reproducible 
structures in the submicron domain. Possible factors contributing to this are the shape of the 
tip which tended to break easily while plowing and the undefined state of the top resist layer. 
The AFM results are compared to structures made by Electron Beam Lithography with which 
routinely 80 nm wide chromium nanowires have been drawn as long as 10 mm. 
An other part of the project focuses on the use of 1-dodecanethiol, an organic molecule with a 
sulfur head group, to passificate roetal structures, in particular nanosized structures, from 
contamination. lt was tested if these molecules could be applied to a gold layer in vacuum 
conditions and the results were compared to the "normal" way of application from a solution. 
Using analysis techniques like ellipsometry, RBS and XPS, it proved that it was possible to 
apply these thiol molecules by evaporation and that they could also be removed again m 
vacuum by heating the sample. 
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Chapter llntroduction 

1. Introduetion 

In the past few decades the number of transistors per unit of area have doubled every 
three years. Current optica} methods of creating micrometer scale objects may soon reach 
the limits of their possibilities. New methods of producing structures in the nanometer 
domain need to be explored. Currently Electron Beam Lithography is the workhorse in 
the submicrometer realm, but this technique does not have the required throughput to 
create structures in high volumes. 
Creating nanostructures with an Atomie Force Microscope is a possibility that may not be 
overlooked. Although, as with Electron Beam Lithography, a high throughput may not be 
expected, the AFM has some qualities that make it an interesting option. The exact 
positioning capabilities of the AFM tip by piezoelectric elements are already present, 
aften combined with coarse positioning devices which allow the apparatus not only to 
focus on nanometer scale objects, but also to move over millimeter and sometimes 
centimeter scale dimensions. 

Creating nanoscaled metal structures has to occur in ultra-clean conditions and aften even 
in Ultra High Vacuum conditions, to exclude any contamination or oxidation. Regularly, 
however, one single UHV set-up does not contain all the equipment and analysis tools 
that one wants to use for a certain sample. The sample will then have to be transported 
between UHV chambers. Although complex air-loek systems exist for this purpose, 
sometimes it is more convenient if a sample could just be taken into the ambient 
conditions without contaminating it. Then a passificating material has to be applied on 
top of the sample structures that will prevent organic molecules and oxygen from the air 
to react with these structures. Naturally, these passificating materials need to be applied 
routinely and must posses the quality that they can be removed easily without 
contaminating the sample themselves. 

In this report the possibilities to use an AFM as a lithograpbic tooi are described, as well 
as the usefulness of 1-dodecanethiol, a sulfur terminated organic molecule, to passificate 
metals. In chapter 2 a brief explanation of analysis techniques used in this project is 
given. It discusses the principles of STM, AFM, MFM, ellipsometry, LEIS, RBS, XPS 
and SEM. Chapter 3 reports about the attempts to use an AFM to create a nanoscaled 
grating structure. In chapter 4 it is shown what the current capabilities are of Electron 
Beam Lithography and some suggestions for further experiments with a nanoscaled 
chromium grating are made. Finally, how thiol can be used to passificate gold structures 
is presented in chapter 5. 



Chapter 2 Analysis Techniques 

2. Analysis Techniques 

2.1 Scanning Probe Microscopy 

Scanning Probe Microscopy (SPM) is a collection of surface prohing techniques which 
all originate in the in vention of the Scanning Tunneling Microscope (STM) in 1982 by G. 
Binnig and H. Rohrer1

, for which they were awarded the Nobel Prize in 1986. 
Scanning Probe Microscopy differs from conventional microscopie techniques, that no 
beams, albeit light or electron beams, are being used to "view" the sample, but a 
mechanica! sharp tip. Depending on the kind of technique there is a sort of interaction 
between tip and sample surface. Using piezoelectric crystals the tip is scanned over the 
surface, while a feedback-mechanism controls the tip-sample distance. 
SPM methods allows one to view structures smaller than a few nanometer and with some 
techniques (like STM) individual atoms can be imaged. SPM also does not give merely a 
two-dimensional view of a sample surface, but also provides depth information, giving a 
complete 3D image of the sample surface. SPM techniques allow a wide range of 
applications, ranging from measuring semiconductor material topography up to in vivo 
analysis of biologica} tissue. All these experiments can be conducted under almost any 
environment, from ambient air to liquid, vacuum or cryogenical conditions. 
Of all different SPM techniques three will be discussed further: Scanning Tunneling 
Microscopy (STM), Atomie Force Microscopy (AFM) and Magnetic Force Microscopy 
(MFM). 

2.1.1 Scanning Tunneling Microscopy (STM) 
STM was the first SPM technique to be discovered. It is based on the quanturn 
mechanica} tunneling effect2

. This is the effect that a partiele has a finite chance of being 
detected on the other side of a harrier that would be impenetrable from a classic point of 
view. Consider an electron of mass m and of energy E that is located on the left si de of a 
potential harrier of height V0 and width s. For this system the Schrödinger Equation 

can be solved. From the salution the transmission coefficient T, which is the ratio of the 
transmitted current density and the incident current density, can be deduced: 

where the approximation is justified if xs » 1 and where 
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e = 

The exponential dependenee of the transmission on the harrier width gives STM an 
extremely high height-resolution. 
In STM experiments a small and sharp tip is brought close to the surface of a conductive 
sample. A bias voltage is applied between the tip and sample. However, the tip is oot 
brought so close to the sample that electric contact is made. The electrooie wave 
functions however overlap significantly enough for a small current of electroos to tunnel 
through the vacuum harrier between tip and sample. As in the example above, the amount 
of current is highly dependent on the separation of tip and sample. The tunnel current is 
only allowed to flow if the sample is conductive. Therefore STM is limited to metals and 
doped semi-conductors. 
The scanning mechanism moves the tip across the sample surface, measuring either the 
tip-sample distance or the tunneling current as function of the lateral position of the tip. 
In the Constant Current lmaging (CCI) mode the tunneling current is kept constant. This 
means the feedback mechanism continuously adjusts the position of the tip so that the 
pre-set current is measured. The tip height Z is storedas function of the position (X,Y) in 
a computer system, from which the data cao be processed further. In the Constant Height 
Imaging (CHI) mode, the height is kept constant while the tunneling current is measured. 
From the tunnel current the real tip-sample spacing cao be deduced. 

2.1 .2 Atomie Force Microscopy (AFM) 
In 1986 a new variation on the STM was invented by G. Binnig, C. Quate and Ch. 
Gerber3

. They used a small sharp tip mounted on a flexible cantilever (Figure 2-1) to scan 
the surface. Their AFM was oot based on electrooie interaction but on the atomie 
interaction forces. They used an STM tip however, to measure the deflection of the 
cantilev er. 

3 
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... 

Figure 2-1 SEM image of AFM cantilever scanning a 
surface 

When an AFM tip is brought close to the sample surface, it will either be attracted or 
repulsed due to the interatomie forces. Under these forces the cantilever will deflect. A 
few different techniques exist for measuring the deflection. Measuring the deflection with 
STM is a metbod that is hardly used anymore. The most common metbod is by measuring 
the reflection of a laser spot. For this purpose, the backside of the cantilever is coated 
with a reflective materiaL As the cantilever bends, the angle of incidence of the laser 
beam changes and so does the direction of the reflected beam. The direction of the 
reflected beam is measured with a position sensitive detector (PSD). Other methods 
include capacative measurements and using a cantilever made of piezoelectric materiaL 
Many different forces are involved in interatomie interaction4

. The most important ones 
are: 
• Coulomb interactions of charges or charge distributions, such as monopoles, dipales 

and quadrupoles; 
• polarization forces: where a charge distribution in one molecule induces a dipole in 

another; 
• and quantum-mechanical forces. The Pauli exclusion principle which forbids electrans 

from different atoms to occupy the same energy state results in a repulsive force, 
because the electrans have to raise the electrans to higher energy states. 

The combination of these interactions can be modeled into the Lennard-Jones potential 

) 12 )6 w(r) = 4w0 [(alr -(air ], 
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Figure 2-2 Lennard-Jones Potential curve 

which is also plotted in Figure 2-2. 
The resultant force can be acquired by derivation: 

a6 2 a12 

F = 24wo[-7 --13-]. 
r r 

l.B 

The force becomes infmitely repulsive as the interatomie distance r goes to zero. It is 
attractive for r > 1.12cr and goes to zero if ris very large. 
AFM techniques can be split up into two major classes: contact and non-contact 
techniques. In contact techniques, the tip is in physical contact with the sample at 
distances of less than 1 A. The tip can be operated in either the repulsive or the attractive 
regime. The equivalent of constant current imaging in STM is constant force imaging. In 
this mode, the cantilever deflection is kept constant by continuously adjusting the distance 
between the scanning head and the sample mount. 
In the non-contact mode the tip is held at greater distances (> 100 À) from the sample. 
The cantilever is then made to vibrate at its own natural resonance frequency. If the tip is 
brought into a space where a force gradient exists, this resonance frequency will change 
according to 

2 c-dF!az c dF!dz 
2 

dF!dz 
m = =-(1- )=mo(l- ), 

m m c c 

where c is the spring constant of the cantilever and m its effective mass. In general stiffer 
cantilevers are used for non-contact AFM, so that the natural resonance frequency fits 
between the frequency of the scanning mechahism and the thermal vibrations of the 
cantilever. Also, sharper tips can be used, which provide a higher lateral resolution, since 
there is no risk of breaking a delicate tip, as it is never brought in contact with the sample. 
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Figure 2-3 Convolution of sample and tip will deform the 
image of small structures 

Due to the fini te size of the tip, small structures that are imaged with an AFM will appear 
larger or smaller than they are in reality. It is not the topography of the sample that is 
imaged, but the convolution of the sample and tip. In Figure 2-3 is displayed how the size 
and shape of the tip influences the image of a small step and hole on the sample surface. 

2.1.3 Magnetic Force Microscopy (MFM) 
Magnetic Force Microscopy is a variation of Atomie Force Microscopy. In MFM 
measurements a magnetic tip is used which interacts with magnetic forces originating 
from the sample materiaL Usually the tip is operated in the non-contact mode for these 
kind of measurements at a tip-sample di stance in the order of 10-500 nm. In this range the 
magnetic forces dominate over the Van Der Waals forces, which naturally also influence 
the tip. 
In non-contact operation the tip is movedat contours of equal force derivative. Since the 
magnetic forces can either be attractive or repulsive and both polarities exist on the same 
sample, it would not be possible to stabilize the tip height without crashing into the 
surface. This problem is overcome by applying a bias voltage of 1-10 e V between tip and 
sample. This way, the force will always increase monotonously when the tip-sample 
distance decreases. 
Using a technique in which both the derivative of the force as the force itself are 
controlled both the topography and magnetic force can be imaged in one measurement5

. 

Other methods scan the sample twice to exclude topographic influences from the 
magnetic measurement. 

2.2 Ellipsometry 

2.2.1 Theoretica! 
Ellipsometry is a technique that is capable of measuring the optical properties of a 
reflective surface. In general, when light is reflected from a surface, the amplitude and the 
phase of the electrical component of the light will change upon reflection. These changes 
differ for the component of the electrical field that is in the plane of reflection and the one 
that is perpendicular to it. Due to this difference, the state of polarization of the light will 
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have changed after reflection. Historically this change is expressed in the ellipsometric 
angles \f1 and ó. 
Consider the electrical field E; of a (monochromatic) beam of light that is incident on a 
sample surface. 1t can be split up into two perpendicular components. lf the two 
components are in phase, the light is said to be linearly polarized; if the components are 
out of phase by exactly 90°, the light is circularly polarized; in all other cases the light is 
elliptically polarized. 
When light is to be reflected of a surface, it is natura} to split the electric field into a 
component E;,p parallel to the plane of reileetion and one perpendicular to the plane, E;,s 
(historically the s originates from the German word for perpendicular: senkrecht). In the 
same way the electric field E, of the reflected beam can be split up into Er,p and Er,s· The 
amplitude and phase of the components of the reflected beam are determined by the 
reileetion coefficients rp and rs of the sample: 

Er.p Er,s 
rr=-E· ; rs=-. 

t,p Ei,s 

Or, split up in an amplitude and phase factor: 

The complex reflectivity ratio p is defined as the ratio of the parallel and perpendicular 
reileetion coefficients: 

r Ir I . 
p = _.!!_ = _r e'<op-o,l = tan 'JI e't. 

r_,. lr_,.l 

where 'JI and ~ are the so called conventional ellipsometric angles of the reflector. ~ 
expresses the relative phase difference and tan 'JI indicates the amplitude ratio of the two 
components. This is the fundamental equation of ellipsometry. Once the ellipsometric 
angles have been measured, physical properties can be calculated from them, such as the 
complex index of refraction of the sample material n1 

6
: 

1- p 2 

n1 = iï0 sin <I>o 1 + C-
1 
-) tan 2 <I>o, 
+p 

where a0 is the angle of incidence of the light beam and n0 is the index of refraction of 

the medium the sample is placed in (usually air or vacuum). The complex dielectric 
constantE is proportional to the square of complex(!) index of refraction: 

7 
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All of the above is valid for reileetion on a homogeneaus sample. A powerful application 
of ellipsometry however, is the determination of properties of thin films. For such a 
contiguration the reflection coefficients are7

: 

rolk + r11k e-i
1f3 

rk = _; 213 , k = p,s. 
1 + rolk r11k e 

Here riJk are the reflection coefficients of the k-component of a light beam reflected on the 
boundary of layer i and j. ~ is the film phase thickness given by 

where d is the film thickness and ')... the wavelength of the light used. The change in 
polarization is then again described by the fundamental equation of ellipsometry. 
Ho wever, p now depends on the real and imaginary parts of three indices of refraction, the 
film thickness d, the wavelength À and angle of incidence <1>0• Only if not more than two of 
these are unknown the fundamental equation can in principle be solved. Oft:en for film 
materials that are transparent for the wavelength of light used, the imaginary part of the 
index of refraction is assumed to equal zero. Then the real part and the thickness can be 
calculated from the ellipsametrie angles. 

8 



2.2.2 Experimental 
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Figure 2-4 Rotating analyzer ellipsometer set-up 
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All ellipsometry measurements were performed on a UHV spectroscopie rotating 
polarizer ellipsometer (Figure 2-4). Unlike fixed-wavelength ellipsometers, this apparatus 
can measure the changes in polarization of light in a range of wavelengths at the same 
time, due to a diode array with 1024 channels. Thus the optical properties of a sample can 
be determined in the range of photon energies from 1 to 4 eV. Since these optical 
properties change differently as function of the photon energy for different materials, 
spectroscopie ellipsometer data can easily be used to fit data to a model of a sample. 
Light with a high intensity in a broad spectrum is produced by an argon cascade are. The 
light is fed into the rotating polarizer which polarizes the light linearly. The polarized 
light is reflected off the sample and passes the analyzer. The angle A of the axis of the 
analyzer with respect to the plane of incidence can be set into three positions: +45°, oo 
and -45°. Then a prism monochromator is used to spread the spectrum of the light onto a 
photo-sensitive diode array, where the intensity as function of the wavelength is 
measured. Because of the rotating polarizer, this intensity In measured by photodiode n 
will be a function of time: 

9 
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where lln is the amplification factor which expresses the sensitivity of the diode for its 
particular wavelength, a are the fourier coefficients of the polarized light and ffip is the 
angular frequency with which the polarizer rotates. The fourier coefficients are given by 

cos(2A)- cos(2\f') a= . 
c 1- cos(2A)cos(2\f')' 

sin(2A) sin(2\f') cos~ 
a=----'----'---'---

" 1- cos(2A) cos(2\f') · 

1t can be shown6 that when the analyzer axis A is set to oo lln and P can easily be 
determined. After this spectrums are measured and combined at A=+45° and A=-45°. It 
can be shown that combining measurements at both these angles (where ac +4

5 = ac -45 and 

a,.+45 = -as-45
) eliminates first order errors in the optics8

. Then \f' and ~ can immediately 

be calculated from the fourier coefficients. 
In the ellipsometer used, the sample is mounted in an Ultra High V acuum chamb~r 
(p-10-10 mbar). The polarized light is fed into the chamber and let out through two quartz 
windows. The angle of incidence of the light on the sample is 68.3°. In the vacuum 
chamber the sample can be heated by electron beam and direct current heating. The 
sample can be cleaned by sputtering with argon ions. 

2.3 X-ray Photoelectron Spectroscopy 

2.3.1 Introduetion 
The technique of X-ray Photoelectron Spectroscopy (XPS) is based on the photoelectric 
effect. Monochromatic X-ray pboton are radiated at a sample surface. For this purpose, 
mostly the aluminum or magnesium Ka-lines are used. The X-ray photons will be 
absorbed by electrens in the sample materiaL The absorbed energy can release the 
electrens from their bands. The ejected electrens are then detected in a spectroscopie 
detector. There the kinetic energy Ek of the electrens is measured. This energy is related 
to the pboton energy hv by energy conservation: 

where Eb is the binding energy of the ejected electron and <I> the work function of the 
emitting materiaL For solids, in general <I> is non-zero and the binding energy cannot be 
calculated directly from the measured kinetic energy. However, if the sample is a 
conductor, it can be electronically coupled to the detector. Then the Fermi levels of the 
sample and detector will be at equal heights (Figure 2-5). The kinetic energy Ek' of the 
electron can thus be measured against the work function <l>sp of the detector9

, which can 
easily be measured with a reference sample. The binding energy can then be calculated 
from: 

10 
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Figure 2-5 Energy levels of sample (left) and 
spectrometer (right) 

A measurement of an XPS spectrum generally can cover a range of binding energies from 
0 to in the order of 1.5 keV. Since every element has specific binding energies for its 
electrons, the elements that are present in the sample can be determined from the energies 
at which peaks appear in the spectrum. By measuring the surface beneath the peaks the 
ratio in which elements are present in a sample can be determined. 
An important feature of XPS is that the binding energy of the electrans depend on the 
chemical state of the atom it is part of. This way it is possible for example to discern 
between metal-metal bindings and metal-oxide bindings. 

2.3.2 Quantification 

The intensity of X-rays at a depth zin the sample can be given by9 

I x (z) = Ioexp(-z I ÀxsinljJ), 

where Àx is the linear absorption coefficient of X-rays in the sample and <jl is the angle of 
incidence. However, the depth from which photoelectrons can escape to the surface is of 
the order of Àe, the mean free path in a solid. From Àx » Àe it follows that for z of the 
order of Àe 

I x (z) z I o· 

Thus the whole measurable part of the sample can be thought of as being in a uniform 
radiation field. Consider now the volume Sdz at a depth z. lf J is the number of X-ray 
photons that falls into this volume per unit of time and n is the atom density, then the 
number of photoelectrons generated per unit of time dN0 is 

11 
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where da!dO. is the differential cross-section of the element considered and 0.0 is the 
body angle of the detector. 
Of the number No photoelectrons emitted at depth z only a number N2 will make it to the 
surf ace: 

Here a is the angle under which the photoelectron is detected. From the last two 
equations it follows that 

This equation can be integrated to show the influences of different layers to the total 
measured intensity. 
For a homogeneaus sample it can be shown that the atomie ratio can be approximated 
by'o 

2.4 Low Energy Ion Scattering (LEIS) 

LEIS is a sensitive technique to acquire information about the chemical composition of 
the outermost surface layer. It is based on the elastic binary collisions of noble gas ions 
with the surface atoms. These i ons are accelerated with a known energy (0.5 to 5 ke V) 
towards the sample. Since the noble gas ions have a high electron affinity, the majority of 
the ions will be neutralized during the interaction with the sample materiaL Only a small 
fraction ( -1%) escapes from neutralization and is scattered from the sample surface 
atoms. The backscattered ions can be detected in a spectroscopie detector. The relatively 
high number of neutralizations ensures that practically all i ons that are detected do in deed 
come from the outermost layer, as the chances for a ion to be scattered from a deeper 
layer and return to the surface again unneutralized are virtually zero. 

12 
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From the energies of the scattered ions the atoms in the surface layer can be identified 
using Classica! Mechanics. Consicter an experiment where ions of mass M1 and an initial 
energy of E; are used (Figure 2-6). If such a ion is scattered at an angle 8 during 
interaction with an atom of mass M2, one can calculate the final energy Er using the 
momenturn and energy conservation laws. The kinematic factor K equals the ratio of the 
final and initial energies: 

K= E! = 
E; 

cose± (~~J
2 

-sin
2

8 

M 
1+-2 

MI 

2 

From the equation it follows that it is not possible to detect atoms that are lighter than the 
i ons used ( M 2 < M 1 ) as it is impossible for the i ons to backscatter from an atom of a 

lighter element. 
In most LEIS set-ups the detector angle 8 is fixed and a spectrum is measured by counting 
the number of scattered ions detected in certain energy intervals. The number of counts S; 
generated by collis i ons with a specific element is determined by a number of factors 11

, of 
which the most important ones are the differential cross-section dcr/dQ, which is 
dependent of bothelement and primary ion energy, and the ion fraction P/, which is the 
ratio of ions scattered from the surface and all scattered particles. 

2.5 Rutherford Backscattering Speetrometry (RBS) 

Rutherford Backscattering Speetrometry is similar to LEIS in the respect that also ions are 
accelerated towards the sample and the energies of the backscattered ions are analyzed. 
For RBS i ons are accelerated to high energies ( 1-10 Me V) towards the sample. The 
general differential cross-section formula is12 

13 
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where Z1 is the atomie number of the projectile partiele with mass M1 and energy E, Z2 is 
the atomie number of the target atom with mass M 2, 8 is the scattering angle and e is the 
elementary electron charge. From this equation it is obvious that the cross-section 
decreases when the projectile energy E increases. Contrary to LEIS, in RBS the ions will 
therefore penetrate deeply into the sample. On its way into the sample and back to the 
surface after scattering, the projectile ion will lose energy by interaction with the 
electroos in the target materiaL When it is assumed that the energy loss dE!dx is constant 
along the pathof the projectile, then the difference in initia} and final energiesMis given 
by 

[ 
K dEl 1 dEl ] 

M = cos(:Jl dx in+ cos82 dx out X, 

where K is the kinematic factor, equal to the one for LEIS, 81 and 82 are the path angles 
before and after scattering respectively and x is the scatter depth. Thus the energy of the 
backscattered ions at a eertaio angle is oot a function of the target atom it scattered from, 
but also from the depth it scattered at. 
In practice the backscattered ions at a eertaio angle (near to 180°) are collected and the 
energies are measured and divided into multiple channels. In a spectrum the number of 
counts per channel is depicted. In such a spectrum peaks appear due to the elements 
present in the sample. The peaks caused by the light atoms are on the low-energy side of 
the spectrum, while the peaks of the heavier atoms appear on the high-energy side. The 
area of the peaks is determined by the relative quantity of the specific element, but also by 
the differential cross-section for that element. The width of a peak is a measure for the 
thickness of the layer it exists in. A shift to the low-energy side of the entire peak 
indicates that the according element only exists from a eertaio depth. 
Por these reasons, RBS is a technique that is easy to quantify and it has the power to 
present a depth profile of the chemica! composition of the target sample. 

2.6 Scanning Electron Microscopy (SEM) 

In a Scanning Electron Microscope electroos are generated in a filament. They are 
accelerated to energies between 2 and 50 keV. This beam passes through a set of 
condenser lenses in which the diameter of the beam is decreased down to a few 
nanometers at the focal point where the sample is placed. Deflector coils are used to scan 
the beam over the surface of the sample. When the electroos strike the surface of the 
sample they cao interact with the material in a number of different processes. The most 
important ones are backscattering and the generation of secondary electrons. These two 
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processes return electrons from the sample, which can be detected by a photomultiplier. 
This photomultiplier amplifies the signal and sends this to a catbode ray tube, which 
scans synchronized with the primary electron beam. The projected image can immediately 
be viewed or used to make a photograph or sent to a computer. Although the processes of 
scattering and secondary electrons are very different from the scattering of light on 
human-scale objects, the images made by a SEM often look very natural, which has been 
a major contribution to the success of the technique. 

1 G. Binnig and H. Rohrer, Appl. Phys. Lett., Vol. 40, 178 (1982). 
2 R. Wiesendanger, Scanning Probe Microscopy and Spectroscopy, Cambridge University Press (1994). 
3 G. Binnig, C.F. Quate and Ch. Gerber, Phys. Rev. Lett. 56, 930 (1986). 
4 D. Sarid, Scanning Force Microscopy, Oxford University Press (1991). 
5 C. Schönenberger, S.F. Alvarado, S.E. Lambert and I.L. Sanders, J. Appl. Phys., vol. 67, 7278 (1990). 
6 R.H.M.L. Backbier, Master thesis, Eindhoven University of Technology (1994). 
7 R.S. Sirohi and M.P. Kothiyal, Optica[ Components, Systems and Measurement Techniques, Dekker Inc. 
(1991). 
8 J.M.M. deNijs and A. van Silfhout, J. Opt. Soc. Am., AS, No. 6, 773 (1988). 
9 V.I. Nevedov, X-ray Photoelectron Spectroscopy of Solid Surfaces, VSP (1988). 
10 T.L. Barr, Modern ESCA, CRC Press Inc., (1994). 
11 See section 2.1 from: L.C.A. van den Oetelaar, Surface and Interface Phenomena in Heterogeneaus 
Metal Catalysis, Eindhoven University of Technology (1997). 
12 W-K. Chu, J.W. Mayer and M-A. Nicolet, Backscattering Spectrometry, Academie Press Inc. (1978). 
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3. Lithography with the AFM 

3.1 Introduetion 

In the drive to create smaller structures in the nanometer scale, a lot of new methods of 
lithography have been tried. In the last years the possibilities of Scanning Probe 
Microscopes in this field are have been explored. A promising method is locally 
oxidizing a Si-sample using an STM1 or an AFM2 tip. The oxidized Si cao then be used 
as a mask for selective etching. A different method of lithography using an Atomie Force 
Microscope was first reported by Sohn and Willete. They covered a GaAs substrate with 
two layers of resist and plowed scratches in the top layer using an AFM tip. The bottorn 
layer cao be removed by developing, if it has been exposed to UV radiation or an electron 
beam. The remaining resist then acts as a mask through which metals cao be evaporated. 
The two-layer approach has a number of advantages: the bottorn resist layer planarizes a 
possible corrugated substrate; the AFM tip should oot be damaged as it only plows the 
top layer; two layers provide for making an undercut profile, which should ease a clean 
lift-off process; and high height-width aspect ratios should be made possible. 

3.2 Fabrication Procedure 

The standard procedure that was used to attempt to create nanostructures using the AFM 
is illustrated in Figure 3-1: Onto a GaAs wafer a layer of a PMMNMAA (polymethyl 
methacrylate/methacrylic acid) mixture is spun. This wafer is consequently baked. The 
wafer wasthen broken into individual samples of an average size of approximately 12x12 
mm2

• These pieces are flood exposed to UV radiation in order to make the polymer layer 
soluble in the developer liquid (a). On top of the irradiated layer a thin (-25 nm) layer of 
PMMA is spun (b ). Without further baking, the sample is taken to the AFM for the 
plowing process ( c,d). After the plowing is done, the sample is baked again to harden the 
top layer. In order to clear the bottorn of the scratches, the sample is developed in I :3 
methyl isobutyl keton(MIBK):isopropyl alcohol(IP A). The sample is then cleaned by 
oxide-etching to make the substrate surface more reactive. Chromium is vaporised onto 
and through the resist mask (e). Then the resist layers are lifted off in acetone, heated to 
near its boiling temperature. lf all goes well, the chromium evaporated through the mask 
will remaio (f). 
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D-UV 

a b 

c d 

e f 

Figure 3-1 Production process 

3.3 Resist layers 
For reasons already mentioned, two resist layers are employed. The two layers serve 
different purposes: the ones for the bottorn layer aretoflatten possible irregularities of the 
substrate, to create an undercut profile and to provide the space for the desired height of 
the structures. The top layer serves as the mask in which the pattem is written using the 
AFM tip. 
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Figure 3-2 Spin curve for PMMA/MAA resist layer 

Por the bottorn layer a PMMNMAA salution in cellusolve was spun onto the GaAs 
wafer. The spin table was rotated for 5 s at 500 rpm and for 55 s at 1000 rpm. Prior 
measurements done with a Tencor alpha-stepper on the same salution and spin frequency 
had leamed that this results in a layer with a thickness of 260 nm (Figure 3-2) . Aft:er 
spinning, the wafer was baked at 170 oe for 60 minutes, in order to solidify the resist 
layer. 
Por the top layer a 0.75% 950K PMMA salution in chlorobenzene was used. It was spun 
at 500 rpm for 5 s and at 3250 rpm for 55 s, resulting in a layer of 25 nm. Also, this 
thickness was established from earlier experiments. 

3.4 UV exposure 

PMMA is not soluble in the standard developer fluid 1:3 MIBK:IP A The monomer 
methyl methacrylate (MMA) however is soluble. By exposing the polymer to UV or 
electron beam radiation, the polymer bonds will break and the polymer will disintegrate 
into monomers. 
Finding the right dose is critica! to establishing small lines. If the exposure dose is too 
high, there will be too much under etching during development and the top layer will 
collapse, resulting in a wide line that is likely to fail at lift off. On the other hand, if the 
exposure dose is too low, the bottorn resist layer will not be removed down to the hottorn 
and after lift off, no lines will remain. 
In order to determine what do se to use, a layer of PMMNMAA was spun unto a Si wafer. 
The wafer was baked at 170 oe for an hour. 
Three pieces were broken from this wafer and were exposed to UV radiation for 
respectively 30, 45 and 55 minutes. eonsequently the pieces were developed in the 
standard 1:3 MIBK:IP A mixture for as long as was necessary to clear the complete 
surface. Por the frrst sample it took 3'20" to accomplish this. The development time for 
the second sample was less than 20 seconds, because, when it was frrst inspected after 20 
seconds it was already completely clean. The third sample that had been exposed for 55 
minutes was completely developed after only 8 seconds. 
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The experiment was repeated for an exposure time of 40 minutes. This sample also 
developed completely clean in eight seconds. It was therefore concluded that there is a 
critical exposure time that lies between 30 and 40 minutes after which development 
increases dramatically. 

3.5 Plowing 

Plowing was done using a Park Scientific Instruments Autoprobe SA atomie force 
microscope. This apparatus uses piezolevers. A deflection of these cantilevers will result 
in a measurable change in the ohmic resistance of the lever. For the Autoprobe SA two 
kinds of cantilevers are available, the PL40 for non-contact measurements and the PL20 
for contact mode measurements. The PL40 that was used for all experiments has a force 
constant of 20 N/m and a resonance frequency of 240 kHz. The tip has a conical shape 
with a half top angle of 12°. The tip radius is 50 nm. 
The Autoprobe SA is controlled by a computer running software developed specifically 
for the Autoprobe family of instruments. The software allows to do either line scans 
(continuously) or an area scan. Among the parameters to be set are: scan frequency, 
ranging from 0.01 Hz to 1 Hz, the set point (force), ranging from 0 to 1008 nN when the 
PL40 cantilevers are used, the scan line length, ranging from 0 to 136 ~m, the scan 
direction (X or Y, where X is perpendicular and Y parallel to the cantilever's main axis) 
and the resolution, ranging from 64x64 up to 512x512 points. The scan speed cannot be 
set independently, but is determined by the product of scan frequency and scan length: 

v, = 2Lf,. 

lf an area scan is performed, the area is always square as the software determines that the 

a b 
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Figure 3-3 Scan paths; a) line scan; b) area scan 

scan width equals the scan line length. 
Control over movement of the tip is limited by the software. Scanning can be in one of 
three modes: it can be switched off; it can be in line-scan mode and it can be in area scan 
mode. Consider a scan line length L. During scanning the tip will always be in the square 
with corners (U2,U2), (U2,-U2), ( -U2,U2) and ( -U2,-U2). When scanning is off the tip 
will be in position (0,0). When (line) scanning is started, the tip will move to one of the 
corners; which one depends on the history of previous movements. The speed of this 
movement is independent of the scan frequency that was set. Then the tip will move back 
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and forth along one of the sides of the square in the set scan direction. When scanning is 
stopped, the tip will move back to the center from its current position (Figure 3-3a). 
An area scan can only be started if the instrument is already in line scan mode. Befare an 
area scan can start, the software will first make the tip perform three warm-up line scans. 
If the first line has not been scanned back and forth at least three times, these three times 
will first be completed. Then the tip will move one step further and scan the next line. 
Each consecutive line will be scanned back and forth, so that stepping to the next line 
always takes place on the same side of the square. When the area scan has completed, the 
instrument will automatically return into line scan mode on the last line scanned. If 
scanning is stopped, the tip will again move back to the center from its current position 
(Figure 3-3b). 
During scanning any variabie or parameter can be monitored with virtual multimeter 
instruments that areshownon the computer display. Most of the parameters such as scan 
frequency, set point and scan length can also be changed during scanning. However, most 
of these settings can only be changed during scanning, so that it is often necessary that 
prior to the first scan one starts a dummy scan to set all to parameters to their desired 
values. 
The area scan can be used to plow a grating with the AFM tip. If the resolution is chosen 
at its lowest possible value, 64x64, and the scan length rather large (> 100 /-LID) the 
spacing between consecutive scan lines is much larger than the width of the plowed lines. 
In almost all plowing actions a resolution of 64x64 was used tagether with a scan length 
of 126 /-lm, which should result in a 2 !-lm spacing between consecutive lines. SEM 
pietmes however revealed that the actual spacing was around 1.45 /-lm. Apparently the 
piezoelectric elements that move the tip had notbeen calibrated correctly. 
Plowing was done using forces ranging from 300 nN, when the tip could already lose 
contact with the sample, to 1000 nN and scan frequencies of 0.01 (vs=2.52 1-Lm/s), 0.1 and 
1 Hz. Plowing was always done in the Y direction (parallel to the cantilever), so as to 
avoid asymmetries caused by the tilt of the tip. 
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Originally, pairs of square chromium contact 

pads of 200 Jlm wide and a spacing of 15 Jlm 
between them were applied to the substrate 
using electron beam lithography (Figure 3-4). 
These were meant to serve as connectors for 
electronic measuring devices. Therefore aim 
was to conneet two of these pads with metal t 
lines created by the AFM. During the 
experiments they have only been used as 

15 
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markers to identify the place on a sample 
where gratings were created. 

3.6 Development 
Development of the samples is done in the 
standard developer for PMMA: a 1:3 mixture 
of methyl isobutylketon (MIBK) and 200 urn 
isopropyl alcohol (lP A). After development 

Figure 3-4 Contact pads lay-out 
the sample is rinsed in lP A to remove the 
MIBK and it is dried using nitrogen gas. 

200urn 

As is the case with the UV exposure time, so is also the development time of great 
importance to the final result. Developing for too long will create an undercut profile that 
can collapse; developing too short will not remove all material from the bottorn resist 
layer. In order to find an optima! development time a simple test was done on four 
samples of which the bottorn layer was exposed to UV -radiation for 40 minutes. All four 
samples had the same structure plowed with the AFM: at constant force three lines were 
plowed at 0.01 Hz, then three at 0.1 Hz and three at 1 Hz. Then one or two transition lines 
were made during which the force was decreased to the next value and the scan rate was 
set to 0.01 again. Changing these settings had to be done "by hand", therefore the scan 
parameters of these Iines are undefined. 
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These four samples were then developed during respectively 10, 20 and 36 seconds. 
Under a microscope the first two samples only showed the lines which were drawn at 

Figure 3-5 SEM image of grating structure; a) overview; b,c,d) 1000 
nN lines; e) 800 nN lines; f) 500 nN lines 

1000 nN and 0.01 Hz. The third sample was inspected with a SEM (Figure 3-5). The 
bright line in the upper left picture that crosses the other lines perpendicularly was made 
with the purpose of being able to look in the lines to get an idea of the profile of the lines. 
However, this did not result in a satisfactory pièture (Figure 3-6). In Figure 3-5 one can 
see that none of the lines is completely continuous. In the detailed pictures, the lines 
drawn at 0.01 Hz are on the right, those drawn at 0.1 hZ to the left. The lines drawn at 1 
Hz are not visible in any of the pictures. 
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3. 7 Tip interactions 

The width and structure of the lines as established from 
the SEM pictures plowed indicates that the tip might 
have been damaged. An inspeetion of the tip itself with 
SEM revealed that the tip was indeed damaged by the 
plowing cycles. Therefore a new tip was imaged in the 
SEM and inspected after a few plowing cycles. At the 
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first approach however, the tip crashed and a blunt tip- Fi~re 3-6 Profile view 

end of approximately 400 nm remained. The shape of this tip did not change anymore 
plowing at 750 and 1000 nN (Figure 3-7). 
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Figure 3-7 SEM image of AFM tip; a,b) new; c,d) after a crash and plowing at 500 and 
750 nN; e,f) after plowingat 1000 nN 
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This test was repeated with a new tip. Although no crashes occurred, the tip-end again 
became blunt again. This time the remaining end had a width of 170 nm, after plowing at 
500 and 750 nN (Figure 3-8). 

' ' " i.iii : .. d4W43: 414 $&44. t. SAUi&_!l ü US. U .. ijV 

Figure 3-8 SEM image of new AFM tip after plowingat 750 nN 
lt can be concluded that tip deformation, at least with the tips used, is unavoidable in this 

· kind of experiments. 

3.8 Results 
After long series of experiments, no better final results were attained than those depicted 
in Figure 3-9. The upper left image shows only one line that is continuous over its whole 
length: it is the warm-up line that is scanned three times. The large angled block that 
covers part of the structure, indicates an incomplete lift-off. 
The parts of the lines that did remain after lift-off all have a width in the range of 800 to 
1200 nm. In the lower left picture of Figure 3-9 details of a line with a width of only 100 
nm is visible, but the existence of this line seems to be mere coincidence. lt hasn't been 
possible to reproduce. The width of the lines is surprising: the lines are wider than the 
radius of the tip at 300 nm from the top. So even if the tip were to penetrate both resist 
layers completely down to the substrate, it could not have made a track as wide as 1 11m. 
A possible explanation could be that the tip does indeed penetrate both resist layers. Then 
a relatively large surface of the bottorn resist layer is exposed to the developing fluid. The 
track made by the tip could be enlarged in a few seconds in this way. 
Proof that an AFM tip can actually remove all resist down to the bottorn was gained at an 
early experiment using a Nanoscope AFM. In this experiment a different setup was used: 
the sample was covered with the same double resist layer structure, but the bottorn layer 
hadnotbeen exposed to UV. Two squares with sides of 200 11m and a spacing of 15 11m 
were written using electron beam lithography. This sample had been developed already, 
so that the two squares are in fact holes in the resist layers, separated by a resist harrier of 
15 11m wide and approximately 300 nm high. The sample was positioned so that the scan 
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direction of a line scan was perpendicular to this harrier and the tip was brought in contact 
with the bottorn of one of the squares. Then a line scan was started with a length of 100 
~m, so that the tip would cross the harrier during every scan movement The displacement 
of the tip could be monitored. The harrier would get smaller and lower significantly at 
every crossing. When the tip had crossed the harrier some twenty times, all resist material 
at the crossing location had been removed, so that the harrier was completely level with 
the bottorn of the squares. This thus resulted in a "canyon" in the harrier with a width of 1 
~m, a length of 15 ~m and a depth of approximately 300 nm. In Figure 3-10 an AFM 
image measured with the same Nanoscope AFM (but with a lower set point) of the harrier 
with two of such "canyons" is shown. 
On this sample a thin layer (-5 À) of chromium was evaporated foliowed by a 50 nm thick 
layer of gold. Lift-off in heated acetone however could not remave all of the resist 
material in the harrier. Because of the lack of an undercut structure on this sample, the 
gold on top of the harrier was bonded to the gold in the canyons. But under a microscope 
it was clearly visible that three lines with widths between 1 and 2 ~m had formed. 
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Figure 3-9 SEM image of Cr structures ou GaAs 
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Figure 3-10 AFM image of AFM produced canyons 

3.9 Conclusions and reflection 

Despite a large variation in almost any parameter of the complete process, no lines with 
widths smaller than 1 ~m have been made reproducibly. Yet Sohn and co-workers claim 
to have produced lines as smallas 40 nm routinely. Although in our experiments we have 
tried to keep as close to her parameters, on many occasions we were forced to deviate 
from them, as the hardware used constrained us. But in a few cases it seemed like it 
wouldn't have made a difference. For example, Sohn claims forces lower than 1100 nN 
are too low for the tip to penetrate the first layer; in this work it has been shown that even 
forces as low as 500 nN have been sufficient to penetrate at least the top layer. Sohn' s 
lines were drawn with a tip speed of 0.2 ~m/s. The lowest speed possible with the 
Autoprobe SA was 2.5 ~m/s at a line length of 125 ~m. (In theory lower speeds can be 
used, as the speed is given by 2Lfs, but smaller lengths would also have resulted in a 
unacceptably smaller grating spacing.) Indeed a relation between scan speed and line 
continuity was shown, but no evidence was found that a lower scan speed could have 
created smaller lines. 
lt is very likely that important parameters are those that are hard to quantify: the shape 
and the material of which the tip is made from and the exact structure of the resist layers. 
Tip shape may be important as this influences immediately other parameters. How deep a 
tip will penetrate in a resist layer is probably ~ore determined by the pressure the tip 
exerts than by the force. Ergo a sharp tip will need a lower force to penetrate than a blunt 
tip. 
During the experiments it appeared also that the tip that was used would break under the 
forces of plowing, leaving a blunter tip. lt might be worthwhile then to start with a more 
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sturdy tip, that is not as sharp, but that does not deform. Sohn used a standard pyramidal 
ShN4 tip with a half top angle of 35°4. Unfortunately, the Autoprobe SA AFM that was 
used for our experiments was limited to using only the PL20 and PIAO piezolevers. These 
cantilevers both only come with the Si conical tips with the half top angle of ]2°. 
Compared to the pyramidal tips, these tips have a cross-sectional area at any depth that is 
approximately seven times smaller. 
Creating reproducible resist layers is difficult, especially for the top layer. In the 
experiments descri bed, samples generally had sizes ranging from 10x 10 mm2 up to 20x20 
mm2

• When a top layer is applied using spin coating, the thickness and coverage can vary 
as a function of shape (some of the samples which were cut from the edges of a wafer had 
round edges) and size of the substrate. 
The plowing process itself is also not well understood. The top resist layer is unbaked 
while plowing and although it is very thin, it still is in some sort of fluid state. It is not 
unthinkable that after the tip has scratched away some of this layer, the displaced material 
will not stay wherever it is deposited, but reconstruct to form a more favourable surface 
morphology. It is possible that these reconstructions partly fill up the scratch created by 
the tip and thus allow for an effective scratch width that is actually smaller than the tip 
radius. Therefore the viscosity of the top layer may be very critica!. PMMA can be 
applied from an infinite number of different kind of solvents, in a wide range of practical 
concentrations and the PMMA ebains can have different lengths. There may exist time
dependent effects like hardening of the top layer as the solvent evaporates. It is very likely 
that a some solutions work better than others, but which ones these are can probably only 
be established by trial and error. 

3.1 0 Recommendations 
Failing to create small structures is most probably a result of a wrong tip-surface 
interaction. As Sohn did have success in creating nanowires, it might still be worthwhile 
to try to reproduce her results using the exact same tip (and AFM) as she did. The 
composition of the top layer may also be of great importance, although variation in 
parameters of this layer are almost infinite. 
Recently Bouchiat and Esteve5 reported success in creating 40 nm wide lines using an 
AFM. They used a trilayer structure that also is based on Electron Beam Lithography 
methods. In their set-up the top and bottorn polymer layers are separated by a layer of 
germanium, which allows the use of anisotropic etching processes. Although the 
complete process is more complex, it may be useful investigating in the possibilities of 
this method. 
Practical production of nanostructures with an AFM will also require a more flexible 
apparatus. In particular complete control over the tip movement is needed. In most AFM 
set-ups control is limited by the software which only allows the user to scan square or 
rectangular areas. Dedicated software is an absolute must if AFM production of 
nanostructures is ever going to be a routine procedure. 
In the meanwhile Electron Beam Lithography (chapter 4) can be a very competitive 
technique. Structures smaller than 100 nm can routinely be achieved6

. Reproducibility of 
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this technique is not a problem and it is more versatile as it is not limited to straight lines 
only. 

1 J. Jorritsma, N. Kramer, H. Birk, M.R. van den Berg and C. Schönenberger, Nevacblad, nr. I (1995). 
2 E.S. Snow and P.M. Campbell, Mat. Res. Soc. Symp Proc., Vol. 380 (1995). 
3 L.L Sohn and R.L. Willett, Appl. Phys. Lett., Vol. 67, No. 11 (1995). 
4 Park Scientific Instruments Microlever, Silicon Nitride Cantilever, ML-06AU. 
5 V. Bouchiat and D. Esteve, Appl. Phys. Lett., Vol. 69, No. 20 (1996). 
6 For an example, see: B.J. Vleeming, J.L.T.R. Leene, E. van der Drift and J. Romijn, Microelectronic 
Engineering, Vol. 30 (1996). 
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4. Electron Beam Lithography 
In Electron Beam Lithography (EBL) a narrow beam of electrons is used to write a 
pattem onto a surface. Initially modified Scanning Transmission Electron Microscopes 
(STEM) and Scanning Electron Microscopes (SEM) were used for this purpose. Today a 
large variety of commercial dedicated writing equipment is available, which can operate on 
the surface of complete wafers. 
The pattem that is to be written can be transferred to the substrate in a number of different 
ways1

. One ofthe most common methods (Figure 4-1) uses a PMMA bilayer, in a similar 
way as was used in the AFM experiments: two layers of PMMA are applied onto a 
substrate with the upper one having a higher molecular weight. The places where metal is 
supposed to be deposited are then exposed to the electron beam. A typical electron energy 
is 100 ke V at beam currents between 200 pA and 100 nA. The polymer molecules which 
are exposed will dissociate into smaller polymers. These will dissolve into the developer 
liquid, while the unexposed parts will not. The exposed PMMA with the lower molecular 
weight will dissolve faster and thus more of the lower layer will be removed. This results 

a b 

c d 

Figure 4-1 Production of nanostructures using e-beam and PMMA 
bilayer; a) exposure; b) development; c) evaporation; d) lift-off 

in an undercut profile which will facilitatethe lift-off process. 
The fmal width of structures written by EBL is not determined by the diameter of the 
electron beam, which can besmaller than 1 nm. ~n the resist material part of the electrons 
will be backscattered to neighbouring parts of the resist layer. The distribution of high
energy electrons bas a Gaussian pattern2

: 

31 



Chapter 4 Electron Beam Lithography 

P(x) = exp(-
2
: , ) 

where the minimum value of the standard deviation cr is presumed to be of the order of 10 
nm. 

4.1 Grating structure 
Contr.,st Correction {Topo) of Chrom-grating 

10000 

Figure 4-2 AFM image of Cr grating structure on GaAs 

In DIMES (Delft Institute of Micro Electronics and Submicrontechnology) a grating 
pattem was written using an Electron Beam Pattem Generator (EBPG) from Leica. The 
grating structure was fabricated using the standard double layer method on a GaAs 
substrate. The grating structure covers an area of lOxlO mm2 and consistsof 23,000 lines 
of chromium with a lengthof 10 mm. In Figure 4-2 a small area of this sample is shown. 
In Figure 4-3 a detail of a few lines is shown along with a height-profile diagram. Due to 
tip-sample convolution the lines appear wider than they are in reality. A SEM photograph 
of this sample revealed that the actual line widths are 80± 10 nm. With the current 
techniques, lines with widths of 40 nm should be attainable. The 80 nm lines were created 
routinely, with no special efforts. 
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Step Correction (Topo) of Cr-grming 

Surfoce Profile (Topo) of Cr-grotmg 
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Figure 4-3 Detail of lines and height profile 

lt is known that some materials that are not magnetic in bulk, will display magnetic 
behaviour when they are made into small structures. Chromium is antiferromagnetic, so 
at room temperature no net magnetic field can be measured. Work by Meier et. al. 3 

Step Correction (Me.gn) of Chromium "" P!e.ne Correction (e.utome.tic) (Topo) of Chromium "" 

1000 2000 3000 1000 2000 3000 

Figure 4-4 MFM (left) and AFM (right) image of the samearea 

suggests that assemblies of nanosized nickel wires can be measured using a commercial 
SQUID. 
The chromium structures are 80 nm wide and 30 nm thick. Although this is probably still 
large enough to be considered "bulk", an MFM and a SQUID measurement we re done. 
The SQUID measurement proved not to be sensitive enough to measure any significant 
deviation from the diamagnetic behaviour of ihe substrate. This does not necessarily 
mean that there is none, as the quantity of chromium is very small. 
In the MFM measurement every line is scanned twice: first the tip is kept close to the 
surface, where the Van Der Waals forces dominate over the magnetic forces. This results 
in a scan of the topography. Then the tip is moved up toa tip-sample spacing of 20 nm, 
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higher. Again the lines are scanned. The difference between those two scans is plotted in 
the fmal MFM image: dark areas indicate that there is nat any appreciable difference, thus 
there is no magnetization; light areas mark areas of great difference where there is 
significant magnetic interaction between sample and tip. The MFM image (Figure 4-4) 
clearly shows magnetic activity around the Cr wires. Chromium can have different oxides, 
like Cr203 and CrOz. The latter is ferromagnetic, but the former is most likely to occur, 
because it is the most stable. XPS would in principle be useful to determine whether 
oxidation had occurred. However this was not directly possible, as all major XPS-peaks of 
chromium coincide with energies where either gallium or arsene, which farm the GaAs 
substrate, have peaks or large background noise. Therefore onto a dummy GaAs sample a 
completely covering layer of chromium was evaporated. The layer thickness of 50 nm 
ensured that no background signal of the GaAs substrate was to be measured. 
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Figure 4-5 XPS spectrum (wide) of Cr on GaAs 
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Figure 4-6 detail of XPS spectrum: Cr 2p peaks 

The wide XPS spectrum (Figure 4-5) demonstrates that apart from oxygen and carbon, 
which is always present, no other elements are present at the surface of the sample. A 
detailed measurement around the energies of the 2p peaks of chromium shows that it is 
evident that these have shifted, indicating a chemical bond with other elements. The 
measured curve was fit with two Gaussian curves, which have their extremes at 577.9 and 
587.6 eV. Pure chromium should have its major peaks at 574.1 and 583.4 eV4

. Therefore 
it is very likely that the top layers of the sample consist of Cr203 or possibly even Cr03, 
although about the latter only the position of the major peak (578.1 e V) could be found in 
the reference. 

4.2 Conclusions 

Since no direct chemica} proftle of the chromium wires has been measured, it remains 
uncertain what the exact composition is. The measurements on the dummy chromium 
sample demonstrate that it is very likely that the surface of the wires will have oxidized 
comp1etely. The fact that with the MFM a signal was measured for the lines, could 
indicate that an amount of Cr02 has formed, although Cr20 3 is the most stabie oxide tor 
chromium. The quantity of Cr02 that has been formed is probably very low and this 
explains why SQUID measurements did notproduce any results. 
An other explanation may be that the chromium is contaminated with other, magnetic, 
elements. This cannot be excluded because of the lack of chemica} data on the grating 
sample. It is however very unlikely, as research by Fishman and Liu5 has indicated that 
even chromium doped with as much as 2.4% of iron does not display any ferromagnetic 
behaviour. 

4.3 Suggestions 
Due to its one dirnensional structure, the grating structure is appealing for some further 
experiments. 
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4.3.1 Azimuth dependent ellipsometry 

When a beam of light strikes the sample such that the plane of incidence is parallel with 
the grating lines, it may be expected that light will reflect as it would from bulk 
chromium(-oxide). An ellipsometry measurement in this configuration should only deviate 
from a measurement from a completely covered sample in the sense that 80% of the 
surface consists of GaAs. On the other hand, if the plane of incidence is at an angle with 
respect to the grating's preferred direction, or even perpendicular to it, it is not self
evident that this should yield the same results. The width of the lines is an order of 
magnitude smaller than the wavelength of visible light. Because of this alone it can be 
expected that interference phenomena will occur. Therefore it would be most interesting 
to use a variable-angle ellipsometer. 

4.3.2 Magnetization measurements 

If the grating lines were completely ferromagnetic, these lines would be an interesting 
subject for magnetization measurements. Due to their small width, the magnetic domains 
can only be arranged in the length direction of the lines. It might prove appealing to see 
how the magnetic domains arrange and if the domains in neighbouring lines influence each 
other. 
Wemsdorfer et al. 6 Have researched the switching fields of nanofabricated nickel wires as 
a function of the angle of these lines with the applied extemal magnetic field (the switching 
field is the field at which the polarization of the magnetization of the wires changes). They 
found that the switching field varied considerably with the angle, where the field increases 
when the angle between the extemal field and the lines is increased. They measured single 
nickel wires with diameters in the sub-1 00 nm range and lengths in the 10 11m range. Thus 
these wires have a larger cross-sectional than those present on the grating. The aspect 
ratio of the nickel wires is approximately 100:1; for the grating lines this is 105:1! 
The same kind of measurements could be performed on the grating sample. In this case of 
course the cooperative effect of a number of lines is measured. As Wemsdorfer et. al. 
found that the switching field varied as a stochastic variable, this need not be a problem 
and possibly eases the measurement by intrinsically averaging across a number of lines. 
Por these kind of measurements the lines however should be made of a ferromagnetic 
mate rial, in order to be able to measure the very small effects. Wemsdorfer et. al. U sed 
microfabricated SQUID arrays, which were able to detect down to 104 llB· Methods like 
these need to be available for measurements on structures on this scale. 

4.3.3 Resistance measurements 

In small wires an enhancement in the resistance may be expected, due to extra scattering 
of electrans from the surface7

• 

These effects influence the resistance at zero magnetic field. When the lines are placed into 
a magnetic field its magneto-resistance could be measured. Magneto-resistance is the 
effect that the resistance of a metal increases when it is placed into a magnetic field. 
Different types of resistance occur when the field is applied in parallel or perpendicular 
configurations. Also interesting are measurements on magnetic wires8

• 
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Althaugh resistance measurements almast anly make sense when perfarmed at law 
temperatures, these experiments are all very simple and cauld be executed almast 
immediately. 
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5. Passification of gold surfaces with thiols 

5.1 Introduetion 
Thiols are simple alkyl molecules which have a sulfur atom attached. The most 
interesting ones are the 1-thiols which have the sulfur atom at the end of the alkyl chain. 
They have the chemica! structure HS(CH2)n_ 1CH3, where n indicates the chain length. In 
Figure 5-1 a 1-dodecanethiol molecule is depicted. 
It is known that alkanethiols of sufficient length will farm self-assembled monolayers 
(SAMs) on roetal or semiconductor surfaces. The most common methad of applying such 
a layer is to dip the sample into a thiol solution. On gold a covalent Au-S bond is formed. 

HS 

Figure 5-1 1-dodecanethiol 

On Au(lll) a crystalline-like layer of extended alkyl chains is formed when the number 
of carbon atoms n exceeds 101

• The alkyl chains then make an angle of 30° with the 

surface normal and farm a ( .J3 x .J3 )R30° superstructure. A SAM can farm, even if the 
tail-end of the alkyl chain has a different terminal group, as long as its cross-section is not 
larger than the unit-cell of the thiol-layer2

. In order to farm a structured and closed layer 
the tails of the thiol molecules all have to be aligned in the same direction. This means 
that the interaction between the thiol tails is high enough to overcome the loss of entropy 
by changing to a more ordered state3

. 

When creating roetal nanostructures the samples containing these aften have to be 
transported through ambient conditions. As oxidation and contamination with organic 
compounds of the roetal structures is in general undesired, these structures have to be 
passivated, i.e. they need to be coated with a substance that will prevent them to oxidize 
or to bond with organic molecules. 
The idea of a completely covering overlayer was the inspiration to research the 
possibilities to use a self-assembling monolayer of thiol to passivate roetal structures. It 
has been shown for a GaAs surface that oxidation of the surface can be dramatically 
decreased when a SAM of thiol is applied to the surface4

. The thiol layer has to be 
applied when the sample is still completely clean, so that has to be done in vacuum 
conditions. The normal methad of dipping the sample into a salution cannot be used 
under such conditions 

5.2 Sample preparatien 
Most of the experiments were performed on samples that consist of gold evaporated on 
Mica. Onto a freshly cleaved piece of Mica 100 nm of gold was evaporated, while the 
sample was heated at 250 oe. This recipe6 should result in a single-crystal (111) structure, 
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but in a LEED session no pattem was discovered. Thus it may be assumed that a poly
crystalline surface had formed. 
In the literature there are many hints that in order to remove physisorbed organic 
molecules from the surface, a UV/ozone treatment would be necessary5

. However, this 
technique was not readily available, so instead the samples were baked at 250 oe in 
ambient conditions for at least an hour prior to applying thiol. As evidence emerged that 
this was not sufficient to clean the surface, in later experiments the sample was sputtered 
with argon i ons in a vacuum chamber after that in order to clean the sample completely. 

5.3 Applying thiol from a salution 

In order to make some reference samples, most of them have been made following the 
instructions from ref.6

: the gold/Mica sample was immersed in a beaker containing a 3.5 
mM solution of 1-dodecanethiol (after this referred to as just "thiol") in methanol at room 
temperature. The choice for 1-dodecanethiol is a compromise between alkyl chain length 
and vapour pressure. The vapour pressure tends to decrease as the chain length increases 
and as the thiol also bas to be applied from a gas phase, a short chain length is desirable. 
On the other hand do long thiol molecules form self assembling monolayers more easily. 
The theoretica! length of a completely stretched chain of 1-dodecanethiol is 20 Á. The 1-
dodecanethiol was ordered from Fluka A.G. 
After 10 minutes the sample was removed from the solution and rinsed in 2-propanol to 
remove any excessive thiol. Consequently it was rinsed in hexane to remove the propanol. 

5.4 Applying thiol in vacuum 

PUMP -
s 

T 

Figure 5-2 Thiol evaporation system 

In order to apply thiol in vacuum conditions, a simple vacuum chamber system was 
purpose-built (Figure 5-2). The vacuum chamber is continuously pumped by a simple 
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vacuum pump, which can keep the chamber at a vacuum of approximately 0.01 torr. A 
sample can be mounted on a sample mount s. A reservoir r can be filled with pure 1-
dodecanethiol, which is in the fluid state at room temperature and atmospheric pressure. 
Up to 5 mi of fluid can be put into the reservoir, while I mi is theoretically enough to 
cover more than 500 m2 of Au(lll) completely with a thiol monolayer! At room 
temperature the minimum pressure attained by the vacuum pump is insufficient to 
evaporate the fluid significantly during a 24 hour period. All that is know about the 
vapour pressure of 1-dodecanethiol is that it bas the value of 6.90 mbar at 37.7 oe. 
Heating the thiol slightly should be enough to evaporate it. Therefore the complete 
chamber can be positioned such, that the reservoir is immersed in a bath of water, kept at 
a temperature T between 50 and 80 oe. It was found that 0.3 ml of 1-dodecanethiol can be 
evaporated at 50 oe in less than thirty minutes. 
The idea of this vacuum chamber is that during evaporation a certain equilibrium pressure 
exists. The sample will thus be in a diluted thiol-gas. The sticking probability for a thiol 
molecule on gold should be high enough to cover the sample surface completely. 

5.5 Ellipsametrie measurements 

The gold samples were examined before and after applying thiol in a spectroscopie 
ellipsometer. The measured spectra were compared with spectra generated by a 
simulation7

• The simulator program also allows to fit parameters like the thickness, angle 
of incidence and optica] constants to the measured data when a model for the spectrum is 
supplied. Since no optica! data for thiol were available, a simple model was used in which 
the real part of the index of refraction was assumed to be constant at a value of 1.458 for 
the whole spectrum between 1.2 and 3 eV. The Ez-spectra of clean gold and thiol covered 
gold did not differ significantly, so the thiol is transparent to light in that range. This 
justifies assuming the imaginary part of the index of refraction of thiol to equal zero. This 
model is also often used in the literature (see ref. 1). The spectra of the bare gold surfaces 
did not match the spectra of simulated gold surfaces. As the deviation between the 
reference spectrum and the measured spectrum were larger than the differences in the 
spectra caused by an applied thiollayer, the spectrum of the bare gold surface was used to 
model the covered sample (thus the data for the bare gold were used as reference data for 
gold instead of the data supplied with the program). 
From early experiments a thickness of 8 À was calculated by the fit program, which is 
much shorter than the chain length of 1-dodecanethiol, even if the molecules have 
positioned themselves under an angle of 30° with respect to the surface normaL But the 
fit curve did not match the measured one very well in this case. A LEIS measurement of 
the same sample revealed that there still were gold atoms on the surface. Although LEIS 
data are hard to quantify, it could be estimated that a few percent of the surface must 
consist of gold atoms. Hence the surface was not completely covered with thiol, probably 
because the sample was not clean enough when the thiol was applied. 
In later experiments, where the gold surface had been sputtered before applying thiol, the 
fit results resembied the ellipsometry data better (Figure 5-3). The best fit on the data of 
the sample on which the thiol had been applied by evaporation resulted in a layer 
thickness of 30 À. Por the sample on which the thiol was applied from the solution this 
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was 16 Á. The latter result matches the theoretica! thickness (17 Á) of 1-dodecanethiol 
molecules that are arranged at an angle of 30° from the surface normal reasonably well. 
The first result is almost twice as thick as predicted. This sample had not been rinsed after 
the application of thiol as had happened with the solution-applied samples. lt is probable 
accordingly that a second layer of physisorbed thiol exists on this sample. 
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Figure 5-3 Ellipsometry spectra of gold surface with thiollayer; 
16 Á (top) and 30 Á (bottom) 

5.6 RBS measurements 
Two samples were prepared for RBS measurements: one with thiol applied in the solution 
and one where the thiol was applied in the vacuum chamber. lt appeared however that no 
peak could be found that could be contributed to sulfur, as there was too much 
background noise from the Mica substrate9

. New samples we re prepared to overcome this 
problem. These samples consisted of silicon substrates with 20 Á 10 of titanium and 50 nm 
of gold. According to a simulation done prior to the experiment, this configuration should 
not give any problems. Both samples were sputtered (Ar, p=10-5 mbar, V=l kV, 1=1 mA, 
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30 minutes) before applying any thiol. Again on one sample ("sample 1 ") thiol was 
applied by evaporation and on the other ("sample 2") in solution. (These were the same 
samples the last ellipsometry measurements were done with.) The quantity of sulfur in the 
samples was at the edge of the detectable, but yet a distinct peak could be discemed 
(Figure 5-4, the magnified part is the sulfur peak; on the left is the silicon peak and on the 
right the titanium peak; the gold peak is not shown in the graph, but lies at 1.8 MeV). By 
integrating the surface of the sulfur peaks (with the background subtracted) and after 
correcting for the cross-section of sulfur, the following quantities of sulfur could be 
calculated: 

sample 1: 
sample 2: 

7.5 ± 0.4 ·1014 cm-2 

3.5 ± 1 ·1014 cm-2 

Approximately the same ratio of quantities exists here as the layer thicknesses measured 
with ellipsometry. The theoretica! density fora Au(111) surface completely covered with 

a ( J3 x J3 )R30° overlayer would be 4.6·1014 cm-2
, so the coverages seem to be of the 

same order. Sample 1 has more sulfur than is needed to build a single monolayer. This is 
in agreement with the assumption made previously that a quantity of thiol is physisorbed 
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Figure 5-4 RBS spectrum of thiol on gold (inset: magnification of 
sulfur peaks) 

to the first layer. 
The sample on which thiol had been applied from solution (sample 2) was consequently 
heated by e-beam in UHV to a temperature of 250 oe in excess of room temperature 
(which was approximately 20 oe). Then another RBS spectrum was measured (Figure 5-
5). eomparing the experimental curve with the simulated curves for sulfur quantities of 1 
and 4·1014 cm-2

, it can be concluded that all thiol has been removed by the annealing. 
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Figure 5-5 RBS spectrum (partial) of thiol-treated sample after heating; 
dasbed line: simulation of 4·1014 and 1·1014 cm-2 S. 

5. 7 XPS measurements 
A gold/Mica sample on which thiol had been applied before was heated at 250 oe for a 
few hours. Then an XPS spectrum of this sample was measured. A wide-scan was made, 
co vering the spectrum from 0 to 1400 e V and narrow scans around the energies of the 
major peaks of Au, S, 0 and C. The quantity of sulfur was too low to be measured. Later 
on, when thiol was applied a small but distinct peak could be discemed, so it may be 
concluded that if there was any sulfur left at all, it would be in an insignificant and 
immeasurable quantity. 
After this first measurement the sample was removed from the vacuum chamber of the 
XPS apparatus and a thiol layer was applied in the salution in the way described before. 
Then the XPS measurement was repeated (Figure 5-6). 
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Figure 5-6 XPS spectrum of thiol treated gold surface (inset: magnification lOx). 

The sample was then heated in a heating block in the UHV chamber. The exact 
temperature of the sample could not be determined in this configuration. However, it had 
been measured before that with the same parameters a silicon wafer would have been 
heated at 180 oe. The sample was left in the heating block for 15 minutes. After that 
another XPS measurement was performed. 
Using a computer program a fit was made of the major peaks of Au, C, S and 0. The 
areas of these fit peaks are a measure of the relative quantity of atoms in the sample. After 
correcting for the different sensitivities of XPS for these elements 11

, the ratio of the 
number of atoms of C, S and 0 relative to the number of Au atoms is displayed in Table 
1. 
From these data it is evident that the quantity of sulfur does not decrease significantly 
after heating. Also, the presence of relatively much oxygen is worrisome. 
As the ellipsometry measurements already showed, probably this sample was not clean to 
start with, so no completely covering thiol layer could form. The final temperature to 
which the sample was heated cannot be exactly determined, as the temperature control 
had only been calibrated for silicon samples. lt may be concluded though, that 
temperatures in the 180 oe range are too low to remove the thiol from the surface. 

S/Au 
C/Au 
0/Au 

Table 1 Element ratios determined by XPS 

Befare heating 
0.0163 
0.759 
0.182 

After heating 
0.0153 
0.698 
0.165 
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5.8 Conclusions 
From the different measurements it may be concluded that in order to achieve a good 
coverage, a clean substrate is of great importance. Layer thicknesses as measured with 
ellipsometry may differ a factor of two between a sample that had not undergone any 
special cleaning and a sputtered sample. An alternative tosputtering may be an UV/ozone 
treatment. 
It has been shown with XPS measurements that the thiol can be removed from the sample 
by heating it in air at 250 oe. The RBS measurements demonstrated that heating to a 
maximum of 270 oe is enough to remove the thiol in vacuum conditions. Heating at 
temperatures below 200 oe in vacuum may be too low to remove the thiol. 
It is demonstrated that it is very well possible to apply thiol to gold in vacuum conditions. 
lt is possible to attain a high degree of coverage. 
Note: if one were to incorporate an evaporation chamber into an existing UHV set-up, 
one should take care to isolate the evaporation chamber well from the "clean" chambers, 
as the thiol adheres easily to metal and can only be removed by heating. 
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