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1 Introduction
In the recent years there has been an increasing interest in the physics of nanostructures. In his famous talk physicist Richard Feynman said that There's
plenty of room at the bottom meaning that minituarizing structures gives a
vast new eld to explore. Today, after some decades of huge eort in semiconductor research, it is possible to produce samples with nanometer scale in all
dimensions. One reason for the interest is the everincreasing demand to make
faster and smaller integrated circuits (IC). The reduction can't continue forever, and while now the smallest line-widths of the commercial IC:s are around
250 nm, the bottom starts to be visible. One could imagine that the absolute
smallest building-block of a device could be an atom. Then the lenght scale
would be some Ångströms. Before that is reality, the present physical models for electronics based on the statistical methods, like Boltzmann transport
equation, must be replaced with a more accurate wave-mechanical particle
description. In mesoscopic regime, which is the transition region between the
regions where the pure statistical models fail and where there are still too many
electrons to be solved wave-mechanically, the electron stransport problem is
solved by adding quantum interference corrections to the Boltzman equation.
The new wave-mechanical particle picture changes the physics of the devices a lot giving, howeveralso some new opportunities. One of them is a
class of single electron tunneling (SET) devices, like single electron transistor
(also abbreviated SET) [1] , which can be used e.g. to measure charge very
accurately.
Regardless of the rapid progress in semiconductor technology it is still impossible to actually make specic nanoscale structures limiting the experimentalists and the industry, what can be regarded as one important driving force
for the research. In the 1980's scanning-tunneling-microscope (STM) [2] and
atomic-force-microscope (AFM) [3] were invented and demonstrated. They
give new possibilities to reach the nanometer scale, some new freedoms but
have also limitation to be sequentially, not parallel operating devices. This
means in practice, that it takes presently too long time to mass-produce anything with them making them merely academic tools. That seems to be
the problem with the other nano-scale fabrication devices, like the scanningelectron-microscope (SEM), which can be used nowadays to produce nanowires
with some tens of nanometer width with electron-beam lithography. For this
reason there are also big investments on the research of the X-ray lithography,
what would be as a parallel device suitable for mass-production.
At Low Temperature Laboratory we use aerosol particles as building blocks
for nanostructures. The particles are placed on the silicondioxide surface with
a method called spray pyrolysis [4]. After spraying they reside randomly distributed on the surface. With the AFM tip we have moved particles on the
surface, but that turned out to be a very time consuming process with the
software which came with the AFM. The biggest part of this special assign2

ment has been the development of a computer program, which can be used to
accelerate the moving of particles to the desired positions.
The moving algorithm is demonstrated by writing letters LTL with 13
aerosol particles. In our case one letter takes approximately a 1µm × 1µm
space. Thus a 1mm × 1mm area can be lled with one million such letters. If
one English word has on an average 6 letters, 125000 words could be written
in such a space. If one page of a book has 325 words [5, p.57] and there
are 255 pages in the book, it makes around 80000 words in a book and thus
with such letters a book could be written in a 1mm × 1mm space. Dimensions in micrometers can not be considered extremely small nowadays, but the
calculation above is a nice way to think about the scales.
In the following sections I will describe the basic principles of the AFM,
some physics about the adhesion of a particle on a surface, recent results in
the eld of the nanolithography and nally a short description of the computer
program I wrote and a result of it's application.

2 Atomic Force Microscopy
2.1 Intermolecular forces
The basic idea behind atomic force microscopy (AFM) is to use a small tip
connected to a spring to sense forces between the tip and the sample. The
most important force in this interaction is the van der Waals force. It is often
written in a potential form
σ
σ
V (r) = 4[( )12 − ( )6 ],
r
r

(1)

where  measures the strength of the attraction and σ the radius of the repulsive
core. This potential is known as Lennart-Jones 612 potential [6, p.398].
V

r

Fig. 1 Schematic of the LennartJones 612 potential.

Attractive van der Waals potential can be thought to be a consequence of
induction, orientation and dispersion forces, where the dispersion force contribution is the most important except for small highly polar molecules, such as
3

water. The general form for the van der Waals attractive potential is
WvdW (r) = −

Cind + Corient + Cdisp
,
r6

(2)

where the coecients Cx come from induction, orientational and dispersion
forces and are derived in Appendix A. For example the ratio Cind : Corient :
Cdisp for the NH3 -NH3 molecule is 10:38:63.
If relativistic retardation is taken into account the attractive part is of the
form ∝ r1 and the corresponding forces are called the Casimir forces [7, p.211].
To a rst approximation we neglect the retardation eects.
7

2.2 Repulsive forces
While the attractive part of the Van der Waals force has a good microscopic
theory, for the repulsive part we have only a phenomenological model, the
hard-core potential between the atoms. The repulsive term is often chosen
to be mathematically easy to work with as for example in the case of the
Lennart-Jones 6-12 potential. Suitable forms for the repulsive part are i.e.
w(r) ∝ r−n,

(3)

where n is normally between 9 and 16, and
w(r) ∝ e−r/σ0 ,

(4)

where σ0 is an adjustable constant.

2.3 Geometrical eects
Even when the attractive van der Waals force depends on the interatomic
distance as r−6, the distance dependence reduces when we integrate the forces
over macroscopic objects. This is approximated by summing the potentials of
all the pairs of particles between the objects. If we use the common notation
where the attractive interatomic van der Waals potential W (r) = −C/r6 , and
we dene the Hamaker constant A as A ≡ π2 Cρ1ρ2 ≈ 10−19 J, where ρi is the
density of the atoms in substrate i, we get after integration W, the interaction
energy between two spheres with radii r1 and r2 separated by a distance D
(Derjaguin approximation, see 3.3) ,
W (r1 , r2 , D) =

4

−A r1 r2
.
6D (r1 + r2 )

(5)

F

2r1

F

2r2

D
Fig. 2 The geometry used in calculation of the potential between two spheres.

Equally, the interaction energy of a sphere with radius r separated distance
D apart from a half-innite surface is
W (r, D) =

−Ar
.
6D

(6)

Because this macroscopic potential takes into account only the very closest
atoms, it is obvious that a sphere is a sucient approximation for an AFM tip
as illustrated in gure 3.
2r

2r
F

F

D

D
F

F

Fig. 3 The van der Waals force between a sphere with radius r and surface is

approximatively same as the force between a sharp tip with a top radius of curvature
r and a surface.

Notice that the atomic interaction energy has much bigger gradient than
the macroscopic interaction. From Eq. (6) we get for Fd, the force acting on
the tip:
dW
Ar
Fd = −
= − 2,
(7)
dD
6D
and for the eective change in the spring constant k0:
k0 = −

Ar
dF
= − 3.
dD
3D

(8)

While the Hamaker constant is nearly independent of the materials, we get
with 100 Å radius for a tip and with D = 2 Å, a value 40 N/m for k0. If we
have a cantilever with a spring constant i.e. −1 N/m, then when approaching
the surface, the tip hits the surface after it has reached the point where the
total spring constant is negative, i.e. k +k0 < 0, which means positive feedback
towards the surface. We can avoid this crash if our cantilevers spring constant
is greater than k0 in contact.
5

2.4 Electrostatic forces
Capasitance C , between a conductive sphere with radius r and a conductive
half-innite plane with a separation D when D << r, is [8, p.14]
C=

4π0 r
2r
(1 + ln )
2
D

(9)

Electrostatic energy in a capasitor is Q2/2C = CU 2 /2. When taking the
second derivative with respect to D, we will get the eective spring constant
k' as previously
π0 rU 2
k0 =
.
(10)
D2
The same value for an isolating tip, like for Si3N4 above a conducting halfinnite plane, is given by
2e2
0
k =
.
(11)
π D2
0

2.5 The cantilever
The cantilever is a beam which holds the AFM tip. The resonant frequency
f0 for a spring is
c p
f0 =
k/m,
(12)
2π
where k is the spring-constant, m the mass of the spring and c is a dimensionless
constant depending on the boundary conditions and has a value about 1 [8].
The spring-constant k for a rectangular beam is t4LEw , where L is the length,
w the width, t the thickness and E the elastic modulus of the spring [9, p.24].
The beam resonant frequency is [10]:
3

3

s

f0 = 0.162

E t
.
ρ L2

(13)

.
Amplitude

Cantilever Frequency Response

f0

Frequency

Fig. 4 The measured frequency response of a cantilever.

To achieve maximum lateral stiness, the cantilever is triangular in shape.
In gure 5 the geometry of a cantilever is illustrated. In contact-mode the
spring constant has to be lower than 10 N/m, which is the order of the spring
constant between the atoms in a solid. Otherwise the sample is deformed.
6

For biological samples the force should be < 10−9 N, for hard surfaces < 10−9
N and for graphite < 10−8 N. The resonant frequency should be as high as
possible to avoid noise from the vibrations of the environment i.e. from the
oor when somebody walks close to the microscope [11]. From Eq. (12) it is
obvious that to optimize the cantilever, its mass should be minimized.
The sharpest tips commercially available have a radius of 50Å. This gives
a lateral resolution of less than 50Å, while the contact radius of the sample
is less than the tip radius. However atomic resolution is not achieved like in
STM, while the tip integrates the total force from more than one atom of the
surface.
The form of the tip can be pyramidal, tetrahedral or conical. Conical tips
can be made very sharp. Pyramidal tips have lower aspect ratios and tip radii,
but are more durable. While the tip form i.e. pyramidal has some angle, the
shape of the tip determines also the resolution of the picture. If the angle of
the tip is lower than the angle of the sample structure, the tip vertex can't
follow the sample geometry and there will be an artefact.
w

t
L

Fig. 5 The cantilever and a SEM image of the tip at the end of the cantilever.

In our experiments we use Park Scientic Instruments UltraleversT M , which
have for noncontact mode 2 µm thickness, resonant frequency around 100 kHz
and the spring constant about 23 N/m. They are made from boron doped
silicon.

Fig. 6 A Scanning Electron Microscope (SEM) picture of the AFM tip.

To make the tips harder, it's possible to view them with an electron beam
microscope which generates a thin carbon coating on the tip and builds a sharp
carbon vertex, when the electron beam is focused on the tip vertex. Figure 6
shows a SEM picture of the tip which has been hardened and sharpened with
the same SEM the picture is taken with. The carbon originates from the oil
7

in the SEM vacuum pump. It can be regarded as an impuritity in the vacuum
chamber where the sample is located while imaging.

2.6 The measurement conguration
laser beam

photodiode
A B
piezo
feedback and
x,y,z scan
control

output data

sample
x,y,z piezo tube scanner

Fig. 7 The AFM conguration. Piezo scanner tube is used to set the position
of the sample. Laser beam reection from the cantilever is measured and used with
feedback-loop to adjust the height of the sample. The topography data is extracted
from the feedback data.

Our AFM measuring equipment has the conguration like in the gure 7.
The sample is on a piezo tube scanner which is able to move the sample in
all three directions x, y and z. The tip is over the sample, and a laser beam
is reected from the cantilever to a position-sensitive photodetector (PSPD)
made from two photodiodes which give the amount of the deection of the
cantilever.
The AFM can be operated in three dierent modes: contact, non-contact
and intermittent-contact mode. In the following I'll explain the principles and
advantages of the dierent modes.

2.7 Contact mode
In contact mode or repulsive mode, the tip is in contact with the sample. This
means that the force between the tip and the sample is repulsive, like close to
the origin in the gure 1. Due to the high force gradient in repulsive region the
tip is kept in a constant contact (about 2Å) almost independent of the force
applied on the tip. When the force exceeds the force to deform the sample
the tip will penetrate into the sample. The surface geometry is extracted by
using the photodiodes to measure the deection of the cantilever, which is
kept constant with the feedback-loop. In contact-mode the spring constants
are normally low, about 1 N/m or under.

8

2.8 Non-contact mode
In non-contact mode the tip is l to 50 nm above the sample and the cantilever
is driven to oscillate close to eigenfrequency. At this distance the van der
Waals force is attractive. The eigenfrequency of the cantilever depends on the
cantilever spring constant and on the force gradient as in Eq. (8). By using
negative feedback-loop to keep the amplitude of the oscillations constant, the
tip-sample distance will be constant. The height-prole of the sample surface
can be read from the positions of the z-piezo. The total force between the
tip and the sample is about 10−12 N, which is low enough for studying soft
samples. The eigenfrequency of the cantilever ranges usually from 80 to 400
kHz. The spring constant in this mode is higher than in contact-mode. If
there is a layer of condensed water on the surface, the non-contact mode will
measure the liquid surface, whereas the contact mode measures the sample
topography under the water layer.

2.9 Intermittent-contact mode ("Tapping mode")
The intermittent-contact mode is like the non-contact mode, but the distance
between the tip and the sample is lower, what causes the tip to "tap" the
sample. This is advantageous over contact-mode while the tip is not dragging
the surface and so there are no lateral forces. The intermittent-contact mode
also allows to scan larger areas and greater variations in sample topography
than in non-contact mode.

3 Adhesion and cohesion
In this section I describe briey the basics of adhesion and cohesion [12] which
play an important role when moving the particles.

3.1 Surface energy
The work of cohesion is dened as the work to separate two identical media.
We dene the surface energy per unit area of the media 1 as γ1. It gives the
energy per unit area required to create surface in the vacuum.
The work of adhesion is dened as the work to separate two dierent media.
We dene this in vacuum as previously with γ12 , where we denote by the indices
the two dierent medias. γ12 may be expressed as
γ12 ≈

√
γ1 γ2 .

(14)

This approximation is valid if the forces are mostly of dispersive origin.
When the medium between the two separated media is not vacuum we dene
the surface energy per unit area with the symbol γ132, where media 1 and 2 is
9

separated in media 3. The γ132 can be expressed as
(15)

γ132 = γ13 + γ23 − γ12 ,

which can be understood as the creation of the surfaces 13 and 23 with the
destruction of the surface 12.
Figure 8 illustrates the dierent congurations described above.
a)

b)

c)

1

1

1

1
1

1
vacuum

vacuum

1

3

3
2

2
1

2

2

Fig. 8 a) The cohesion in vacuum. b) The adhesion in vacuum. c) The adhesion

in third media.

3.2 Theoretical calculation of surface energies
The energy per unit area of two innite surfaces (half-spaces) separated by a
distance D is
A 1
W (D) = −
, A ≡ π 2 Cρ1 ρ2 ,
(16)
2
12π D

which is calculated by integrating the potential − rC between the particles of
the two separate surfaces. We could use this equation if we would divide it by
two (because we get with this energy two surfaces) to calculate γ , but then we
need the value D0 for the separation of the two surfaces in contact. A good
value for D experimentally and theoretically taking into account the atomic
lattice for intersurface separation is σ/2.5, where σ is the lattice spacing. This
gives us the approximation for the surface energy:
6

γ=

A
.
24π(σ/2.5)2

(17)

3.3 Derjaguin approximation
Derjaguin approximation gives the force F between two spheres with the radii
r1 and r2 separated by the distance D by using surface-surface interaction
potential per unit area W (D) described above. The Derjaguin approximation
applies when r1 , r2 >> D and is:
F (D) = 2π(

r1 r2
)W (D).
r1 + r2

(18)

When the two surfaces are innitely apart, which means here some millimeters, the potential of the surfaces can be considered as zero, W (non−contact) =
0. Of course the potential can be chosen at will by adding a constant, but here
we set the zero to innity, which is the normal case and is implicitely in the
10

-potential. Then we see that the energy per unit area γ132 to separate the
media 1 from the media 2 in the media 3 is
1
rn

2γ132 (D) = W (non − contact) − W (contact) ≈ −W (contact),

(19)

where non-contact means some macroscopic separation between the surfaces.
This gives us
W (contact) = −2γ132 ,
(20)
Thus, we can calculate the adhesion between the tip (approximated with sphere
with radius r1 and the particle (sphere with radius r2) with
F = 4π(

r1 r2
)γ132 .
r1 + r2

(21)

When we take one of the spheres in Eq. (18) to have an innite radius, we
get the force F between the surface and a sphere with a radius r in contact:
(22)

F = 4πrγ132 .

A more rigorous treatment of the adhesion and cohesion due Johnson, Kendall
and Roberts (JKR theory) predicts the factor 4 to be 3 in Eq. (22).
With Eqs.(21) and (22) we can compare the sticking force between a spherical particle and a tip or at surface. As can be seen in gure 9, to avoid sticking
of the particles to the tip, the size of the tip radius should be about the same
order of magnitude as the radius of the particle or smaller. Here we have expected that the tip and the surface are of same material, i.e., the γ -coecients
are the same.
particle to surface
1

force

0.8

particle to tip

0.6
0.4
0.2

1

2

3

4

r1 / r2

Fig. 9 Comparison of the sticking force between a spherical particle and a tip,

and between a spherical particle and a at surface. The force is given in arbitrary
units and the particle radius r2 was taken equal to 1. r1 is the radius of the tip.

4 Nanolithography
In this section I will present some recent developments in the scanning proximity probe microscope (SXM) lithography, which refers to the sample manipulation or pattern generation with AFM or STM techniques [13].
11

4.1 Nanolithography with STM
In STM lithography there are two parameters that are controlled: the tunnel
current and the electric eld. These variables depend on the voltage and the
distance (the tunnel gap) between the tip and the sample. The local electric
eld can be used to make chemical manipulations or to heat the sample if the
applied voltage is high.
Thermal treatment by STM can be used to modify glassy metals in UHV.
By increasing the current from 1 nA to several µA and the bias voltage from
about 0.1 V to 1.0 V structures with dimensions 3 nm50 nm have been created
on Rh.25 Zr.75 [14].
In a sliding process there is an attractive force between the tip and the
adsorbate. The tip is lowered directly over the adsorbate until there is strong
enough attractive force to drag the adsorbate with the tip when the tip is moving. When the adsorbate is in the right position the tip is raised again and
may be used to move the next particle. A very popular experiment was made
with this method to construct letters "IBM" from Xenon atoms in 1990 [15]. It
has also been possible to move Pt, Ni and Co atoms with this method [16]. A
recent experiment have used electrochemically etched tungsten tips to manipulate CO, Pb and Cu atoms on Cu(211) surface at 30 K temperature. There are
three dierent modes of manipulation: pulling, sliding and pushing. In pulling
mode the adparticles follow the attractive tip discontinuously. The steps in
the height curve arise from the lattice structure of the substrate. In the sliding
mode the tunneling resistance is lower and the tip-adparticle distance is about
constant and in pushing mode the adparticles hop away from the repelling tip.
Figure 10 illustrates the tip hight curve during the pulling of a Cu atom [17].

Fig. 10 The tip height curve during pulling of a Cu atom [17].

In eld assisted diusion there is an intense electric eld between the tip
and the substrate which can be used to assemble i.e. a local Cs lm on
GaAs(110) [18, p.294].
In nano-oxidation process the STM tip is used as a cathode, which oxidizes
titanium metal. With this method it has been possible to manufacture single
electron transistors (SET) with an island region of size about 30 × 35nm2 [19].
In electrochemical etching the STM tip is encapsulated in glass up to the
12

last few nanometers and is operated in a chemical solution. 200300 nm wide
lines have been made with this method by using the solution of 5 mM NaOH
and 1 mM EDTA, with 4 V bias voltage under tungsten-halogen lamp irradiation on a GaAs sample [14, p.297]. It is possible to produce quantum dot
arrays electrochemically by applying specic voltage at specic duration of
time while electropolishing Al lm in a solution of 62 cc perchloric acid, 700
cc ethanol, 100 cc butyl cellusolve and 137 cc distilled water [20]. With this
method the distance between the dots is about 100nm. This doesn't require
STM at all, but if STM would be used as a local electric eld source it might
produces some small local structures.
Free standing silicon structures have been fabricated with metal-coated
AFM tip by utilizing a local electric eld, which selectively oxidizes H-passivated
(100) silicon surface. The resulting oxide layer is about 1 nm thick and serves
as a mask against liquid etching. With this method 1030 nm resolution has
been reached. By using ultra-high vacuum, a near-atomic resolution have been
reached [21]. The etched structures reside on a buried oxide layer which is removed to produce free-standing nanostructures i.e. wires or cantilevers [22].

4.2 Nanolithography with AFM
The STM lithography has the disadvantage that the tip sample distance, tunneling current, and tip voltage cannot be chosen independently, and it is dicult to use STM with partially conducting substrates such as semiconductors.
STM's natural alternative is AFM which can utilize same methods as STM,
i.e. voltage dierence between the tip and the sample. Nanolithography with
AFM can be thought of as a local mechanical manipulation of the surface with
the AFM tip. The vertices of AFM tips have the radii of some ve to hundred
nanometers which gives some idea of the lateral resolution of the lithography.
One of the techniques which utilizes scratching of the surface with the tip is
the following. On a silicon oxide substrate with gold pads layers of copolymer
polymethyl methacrylate/methacrylic acid (PMMA/MAA), germanium and
polyimide are grown. The 1520 nm thick polyimide layer is scratched with
the AFM tip with the force of 1.53 µN and velocity of 0.22 µms−1. After
that the sample is dry etched and the angle evaporation of one or more metallic
layers is done with an electron-gun evaporator. Finally the Ge mask is lifted
in hot acetone. The line width produced with the PMMA/MAA method is
about 40 nm [23]. The method has been used to manufacture single electron
transistors which operate at 20 mK temperature [24].
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Fig. 11 The steps to fabricate SET with help of an AFM [24].

One way to fabricate antidots on a GaAsAlGaAs heterostructure uses
the AFM "tapping mode". Highly thinned photo-resist (Shipley 1805:Thinner=1:50) is spun on the sample to form a lm with thickness of 7nm. The
AFM is kept in the "tapping mode" and to pattern a hole in the resist and
a triangular voltage pulse of about 0.1 second duration is sent to the z piezo,
causing the tip to be pushed nominally 50 nm against the surface. This
causes the tip with force constant 10 N/m to hit the surface with the force
of about 1 µN. The result is a hole surrounded by a wall of displaced resist. The antidot is wet etched for 5s in a dilute basic ammonium solution
(H2O:NH4OH:H2O2=800:3:1) and the resist is removed. With this method
antidots have been produced on a Hall bar with period of 145 nm which have
been used with ballistic electron transport measurements to investigate commensurability oscillations. The smallest period of antidots that has been made
is 35 nm [25].
When the voltage dierence between amorphous silicon (α:Si) sample, passivated in hydrouoric acid for 4 min., and AFM tip is 12 V, hydrogen is desorbed and water is dissociated. The negative oxygen ions from water and air
force the α:Si to form oxide. This forms a good resist for lithographic methods.
A 0.1µm channel lenght MOSFET has been made using this procedure [26].
While it is possible to move single weakly bound atoms with STM, that's
not true for strongly bound atoms or molecules [27].

4.2.1 Moving mechanically
In mechanical moving, physical contact is made between the AFM tip and the
particles. 30 nm GaAs particles on GaAs substrate, which were produced with
aerosol technique, have been used as a sample. The moving procedure starts
by scanning the area in non-contact mode. When a suitable particle is found,
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the tip is lowered to a spot beside the particle. Then the particle is pushed
by moving the tip on the surface. After that the tip is raised and the area is
scanned to check the result. The procedure is iterated to move the particles
to desired positions.
The problem is that particles tend to stick on the tip. To avoid this silicon
tips were covered with a carbon layer by electron-beam deposition (EBD). This
makes the tip vertex sharper and a radius of 1025 nm can be achieved. In
gure 12 is a result of the moving of the particles showing letters "nm" [28].

Fig. 12 Letters "nm" were formed from GaAs particles on GaAs substrate by

moving them with an AFM tip [28].

There has also been demonstration of moving gold particles on pyrolytic
graphite (HOPG) and on WSe2 [29].
In a recent experiment a SET was manufactured of two goldtitan electrodes
and a disc shaped Pb island between them. The height of the island was 15
nm and the diameter 3560 nm. The disc was moved between the electrodes
by pushing it with an ultra-sharp non-contact AFM tip. The radius of the tip
vertex was in the range of 1020 nm. During the movement the IV curve of
the SET was measured to monitor the correct positioning of the disc. In the
IV curve of the SET characteristic single electron behaviour was resolved still
around 100 K [30].
A SET with many 23 nm AuPd islands between the 30 nm electrodes
has been manufactured resulting in a total size of 0.01 µm2 for the whole
conguration [31]. If only one island could be set with AFM tip between the
electrodes the result could be a room-temperature SET. There would also be
the problem to make the tip diameter comparable to the particle size in order
to avoid sticking of the particle on the tip.

15

Fig. 13 (a) Schematic picture of the AuPd islands between two electrodes. (b)

A SEM picture of the same system [31].

5 Experiment
The experimental part of this work consists primarily of coding a Windows 95
application for controlling the AFM to move aerosol particles and secondly of
testing and using the program.

5.1 Moving the aerosol particles
Initially we have a SiO2 substrate and 45 nm Ag particles randomly distributed
over its surface. The particles are stuck to the surface due to the van der Waals
force.
The rst task is to image the particles using non-contact AFM. In gure 14
topography signal is illustrated along one scan line over a particle. After taking
some number of scans, the particle positions are visible on the corresponding
height-map.
a)

b)

TIP
X,Y
Z

scan range

Fig. 14 a) The conguration along one scan line and b) corresponding AFM

topography signal.
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The following task is to start to scan a specic line over the particle so
that the particle position is at the end of the scan line. Initially the feedbackloop is kept on to maintain the tip-sample distance constant is on. Then
the received topography signal is as illustrated in the gure 14. Next the
feedback-loop is cut o and we may think that the tip scans one line continuously over surface with constant absolute height (actually the tip is always in
the same position and the sample is moving in all three directions). When the
feedback-loop is turned o, the topography signal stays constant and has no
information. Instead, the vibration amplitude of the cantilever excitation at a
specic frequency shows changes depending of the tip-surface distance. Figure
15a illustrates this amplitude over the scan line. Initially the amplitude decreases over the particle. When the tip-sample separation is decreased, we see
in gure 15b that the amplitude is zero when the tip is over the particle. This
is either due to a strong frequency shift in the cantilever vibration frequency
or due to the dissipation of the tip hitting the particle. To move a particle, a
line is scanned continuously with 1 Hz frequency. The tip is lowered and at
some point the particle moves, as can be seen in gure 15c, where the particle
has moved. Obviously the particle is moved by the tip. The advantage of this
method is, that it allows in-situ monitoring of the particle position during the
movement. This is of great importance in making the moving process faster.
a)

b)

c)

Fig. 15 The amplitudes of the cantilever at one scan line over a particle: a)

initially, b) when tip-sample distance is lowered, and c) when the particle has moved
to the right-hand side.

Figure 16 displays three full area scans between the movements to form a
letter L. In these gures the particles look out very much broader than they
are in reality because of the convolution eect of the AFM tip that is worse
than usual due to some dirt stuck on the tip.
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Fig. 16 Three AFM images of the same area. The letter L if formed after

letters LT.

5.2 Program to move the particles
At the Low Temperature Laboratory we have an AFM produced by Park Scientic Instruments (PSI). It was delivered with a software Data-Acquisition
doing the most common tasks of AFM, e.g., to scan a sample surface. This
software, however, fails to have specic functions for moving particles and it's
thus slow for doing that. The system includes a dynamic-link library (dll)
spmapi.dll for coding customized programs to control the AFM. This 16-bit
Windows 3.1 compliant library introduces an interface to a server program,
which controls the AFM hardware functions. The library is written in Clanguage.
I made a 16-bit C++ program running under the Windows95 operating
system. The program may be considered as a graphical user interface (GUI)
for controlling the AFM. The GUI was built with Borland's Object Windows
Library (OWL) with Borland's C++ compiler. The program does basically
two things: it scans a region and makes a continous line scan over a selected
line. The regions are scanned always with the feedback-loop on, but the lines
may be scanned with feedback-loop either on or o, as is the case when moving
the particles.
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Fig. 17 Hardcopy of the screen showing the graphical user-interface of the

program.

Figure 17 illustrates the program's appearance for the user. The lower left
window is used for the numerical input for the program. In that window, the
user may set the relative middlepoint of the scan, the scan size, and the proportional constant for the feedback control method for keeping the tip-sample
distance constant. Also feedback-loop may be toggled on or o, and when it's
o the tip-sample separation may be altered. The upper-right window is for
messages from the program to the user. It consists of two smaller windows.
The upper window presents the messages from the program itself and the lower
one the messages from the server through spmapi.dll library. The lower middle
window is the height-map illustrating the topography of the scanned regions.
In that window it is possible to select the coordinates. The small window
with four areas consists of buttons to start line-scan, rectangle-scan, to cancel
the running operation or to create virtual-markup-language-le (VRML). The
VRML le generation may be considered as a future extension. A VRML le
can be visualized with e.g. Netscape Navigator with a suitable VRML viewer
plug-in program. With such conguration the data can be viewed, rotated and
moved in all three dimensions. The left window represents the scanned data
in oscilloscope form. The Topo signal is the line topography. The Error
is the error signal, the dierence of the desired position of the tip (set-point)
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and the actual value. This is used in the feedback-loop to keep the constant
height. The Amp is the cantilever amplitude at the excitation frequency as
described above. The A-B represents the measured signal dierence of two
photodetectors and is the physical origin of all the measured signals.

5.3 The program structure
The computer program I made, has to be used while the Data-Acquisition
program is running. With the Data-Acquisition program all the needed initializations are made in the system (like the approach process where the tip
is brought close to the sample surface) and it starts the server automatically.
The server is an independent program connecting the software and the AFM
hardware.
The 16-bit Windows is an event-based operating system and it has to be
programmed that way. This means that the program denes actions starting
after specic events. One event is, e.g., when the user presses keyboard. The
most important event for the program is the timer message from the server
that is received around every 50 ms by the program. There is specic function
to be ran then every 50 ms and this function represents a state-machine where
dierent tasks start, advance and stop simultaneously. E.g. the user may start
scanning an rectangle. The server is asked to start the scan. After that the
server sends a signal that the task is started. Then every 50 ms the program
asks if there is new data to be presented and sends the data to be processed
further. If the scan is nished, a signal is catched and the task may be killed.

5.4 Results
The moving algorithm was demonstrated by moving 13 aerosol particles to
form letters LTL. To form the letters, the program described above was used
together with the Data-Acquisition program. It took about one working day
to form the three letters.
Figure 18 illustrates the height-map of the particles. The image has been
taken with the AFM in non-contact-mode. The tip has less dirt on it than
it had when the images in gure 16 were taken. Thus, the image quality is
higher.
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Fig. 18 A non-contact AFM image of particles forming letters LTL.

Figure 19 shows the height map of gure 18 , as a three-dimensional
image.

Fig. 19 Figure 18 illustrated as three-dimensional height prole.

In gure 20 the same area with surroundings imaged with the SEM. The
gure 21 presents a magnication of the area also taken with a SEM.
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Fig. 20 A SEM image of the letters as in the previous gures.

Fig. 21 A magnied SEM image of the area with the letters LTL.

22

6 Conclusions
When writing code for a device it is essential that there is good library and
it is well documented. In this case neither of these were true. The time
what has been spent at this work has gone for a good part to understand the
documentation of the library. This was a waste of time because the software
has to change radically in the near future in order to make the library more
simple and stable. Windows 95 is not a stable system to program with. It
crashed many times and it seems to be impossible to debug to detect why it
did it. Nevertheless we have demonstrated the controlled movement of aerosol
particles what was our original goal.
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A van der Waals Forces
Attractive van der Waals potential between two molecules can be thought to
be a consequence of induction, orientation and dispersion forces. The general
form for the van der Waals attractive potential is
WvdW (r) = −

Cind + Corient + Cdisp
,
r6

(23)

where the coecients Cx come from the induction, orientational and dispersion
forces as described in beneath and r is the distance between the molecules
[12, 32].

A.1 Induction force
An electric eld E induces dipole in a molecule a moment uind = αE , where α
is the electronic polarizability of the molecule. Energy W of an electric dipole
in the electric eld of another dipole is
αE 2
W = −uE/2 = −
.
2

(24)

The factor 1/2 results from the fact that the potential energy is shared by two
dipoles.

23

+e
r
-e
l

Fig. 22 The geometry used for calculating the induction energy.

The energy may also be calculated by integrating the force
F = ql

dE
dE
= αE
,
dr
dr

(25)

of the dipole in electric eld E as illustrated in the gure 22.
The portential W is thus
Z

W =

Z

F dr =

αE

dE
E2
= −α .
dr
2

(26)

The electric eld of an electric dipole is approximately
Edip

p
u 1 + 3 cos2 (θ)
=
,
4π0 r3

(27)

where r is the distance from the center of the dipole and θ is the angle with respect to the dipole moment. By using for E Eq. (24), we get for the interaction
energy
u2 α0 (1 + 3 cos2 θ)
W (r, θ) = −
.
(28)
2(4π )2 r6
0

Angle-average of cos is 1/3, and the nal interaction energy, which takes into
account polarizations of two atoms with the permanent dipole moments uO1
and u02 is
u2 α02 + u202 α01
W (r) = − 01
.
(29)
(4π )2 r6
2

0

A.2 Orientational force
The electric dipole-dipole interaction energy of two permanent dipole moments
is
2 cos θ1 cos θ2 − sin θ1 sin θ2 cos φ
Wdip−dip (r) = −u01 u02
,
(30)
3
4π0 r

where u01 and u02 are the permanent dipole moments of the two interacting
molecules, r the distance between the molecules, θ1 and θ2 the angles between
dipoles and the line joining them, and φ the azimuthal angle between the
dipoles. When we take the angle average weighted with the Boltzman-factor
e−W (r,θ ,θ ,φ)/kT we get
1

2

e−W (r)/kT = 1 −

W (r, Ω) 1 W (r, Ω) 2
W (r)
+ · · · =< 1 −
+ (
) + · · · >=
kT
kT
2
kT
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1
1 1
W (r, Ω) 4
1 >} −
< W (r, Ω) > + ( )2 < W (r, Ω)2 > +O([
])
|< {z
{z
} 2 kT
kT |
kT
=1

which gives us

=0

W (r) ≈

1 1
< W (r, Ω)2 >,
2 kT

(31)

where Ω includes all the three angles. Calculating the angle-average of the W 2
gives us
u21 u22
Worient (r) = −
.
(32)
2
6
3(4π0 ) kT r

A.3 Dispersion force
Dispersion force arises, when an instanteous electric dipole moment of the rst
atom generates an electric eld, which polarizes the second atom, generating
a dipole moment on it and an attractive force between the two atoms. The
energy-dierence can be estimated using quantum mechanical second-order
perturbation theory. The procedure starts with two hydrogen atom Hamiltonian
H=

~2
e2 e2 e2
e2
e2
e2
(∇21 + ∇22 ) − − +
−
+
−
,
2m
r1 r2 r12 |r1 − r12 | |r2 + r12 | |r1 − r2 − r12 |
|
{z
}
HI

(33)
where the vector rl2 connects the two atoms, and the vectors r1 and r2 are the
positions of the two electrons with respect to the protons respectively. The
second-order perturbation theory gives us the energy correction
∆E =< 0|HI |0 > +

X | < 0|HI |n > |2
n

E0 − En

,

(34)

where we have used Dirac-notation. |n> is the n:th eigenfunction of the hydrogen atom with the energy eigenvalue En. If the distance between the atoms
is large compared to the Bohr radius a0 we can estimate HI with multipole
expansion with respect to (rj /r12 ) which results
HI =

e2
(x1 x2 + y1 y2 − 2z1 z2 ).
r12

(35)

The rst term in Eq. (35) vanishes for the hydrogen ground state eigenfunction, and the second term gets the form
e2 X |x0,m x0,n + y0,m y0,n − 2z0,m z0,n |2
.
6
r12
2E
−
E
−
E
0
m
n
m,n

(36)

By using oscillator strenght of the dipole transition rates between the two
states |l > and |m >
2m
flm = 2 (Em − El )|zlm |2
(37)
~
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and the symmetry properties of the matrix elements of the x0m , y0m and z0m ,
we get
3e4 ~4 X f0m f0n
1
∆E =
(38)
.
2
6
2m r
E − E (E − E ) + (E − E )
m,n

m

With the identity
2
1
=
ab(a + b)
π

0

Z

0

m

∞

n

dξ
(a2

0

0

+

ξ 2 )(b2

+ ξ 2)

(39)

and with the denition of the dynamic polarizability
α(ω) =

e2 X f0n
2
m n ω0n
− ω2

(40)

it is possible to write the Eq. (38) into a new form
3~
∆E = − 6
πr

Z

∞

dξα1 (iξ)α2 (iξ),
0

(41)

√

where i = −1. If one of the oscillators of the atom is dominant, we can
approximate the dielectric response sum by taking only the dominant term
and using the sum rule
X
flm = n

m

where n is the number of electrons in the atom, and we get
αj (ω) ≈

e2 nj
.
m(ωj2 − ω 2 )

Finally we get the form for the dispersion energy perturbation
3~ e2 n1 e2 n2 ω1 ω2
3~
ω1 ω2
∆E ≈ − 6 (
)(
)
=
−
α
(0)α
(0)
.
1
2
2r mω12 mω22 ω1 + ω2
2r6
ω1 + ω2

(42)

A.4 General theory of van der Waals forces
The van der Waals interaction free energy between two atoms, indexed 1 and
2, in the medium 3, can be written in the alternative form
∞
6kT X α1 (iµn )α2 (iµn )
W (r) = −
,
(4π0 )2 r6 n=0
23 (iµn )

(43)

where µn = (2πkT /h)n.
The molecular polarizability can be written
α(iνn ) =

u2
α0
+
,
3kT (1 + νn /νrot ) 1 + (νn /νI )2

(44)

where νrot is some average rotational relaxation frequency for the molecule,
typically ≈ 1011 s−1, and νI is the main absorption frequency.
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With Eqs. (43) and (44) we get the zero frequency contribution
W (r)ν=0 = −

3kT
u21
u22
[
][
+
α
+ α02 ],
01
(4π0 )2 r6 3kT
3kT

(45)

which corresponds to the orientation and induction potentials. With nonzero
frequency terms we get an expression, which corresponds to the dispersion
potential (42).
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