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Elastic Slowing of Supersonic Beams

with an Atomic Mirror

Christoph Jan Schaeff, M.A.
The University of Texas at Austin, 2008

Supervisor: Mark G. Raizen

In this thesis a method of slowing supersonic beams of neutral atoms by
elastic reflection from a receding mirror, mounted on the tip of a spinning rotor,
is presented, advances and improvements are described. Special attention is
brought to the atomic mirror, since the efficiency of the experiment critically
depends on its reflectivity. The use of hydrogen passivated silicon(111) as a
mirror is examined. The short lifetime and complicated preparation lead to the
use of a different material. By cleaving a radiation hardened lithium fluoride
single crystal along the (100) plane we succeeded in finding a very inert and
easy to prepare atomic mirror. First results of helium elastically scattered

from a static and moving mirror of lithium fluoride are presented.
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Chapter 1

Introduction

Since the 1970s growing attention has been shifted towards controlling
atomic motion. Since then a number of Nobel Prizes have been awarded to
people working in that area [1] reflecting the growing interest and importance
of this field. New techniques have opened several opportunities for new science,
such as the study of fundamental physical phenomena and precision measure-
ment. Besides new methods of cooling and trapping, techniques for manipu-
lating atomic beams were developed. The de Broglie wavelength A o 1/v of
atoms at low velocity v now can be on the order of atomic bonds and lattice
constants leading to a whole new field called Atom Optics. Besides light forces
as a tool for controlling atomic motion, atom mirrors, lenses [2] [3], gratings,
and beam splitter were developed. These new tools made it possible to build
an atomic interferometer [4] and even microscopes using helium atoms are

developed [5].

All of these techniques require a beam of cold atoms or molecules. Un-
fortunately, the common methods used today for obtaining cold atoms rely on
certain atomic properties. Laser cooling for example requires a certain atomic

energy structure while evaporative cooling requires a non-zero magnetic mo-



ment. If the atom or molecule does not meet these requirements, it cannot be
cooled using these techniques. Therefore only a small fraction of the periodic

table is accessible using today’s cooling methods.

In the Raizen Lab different approaches have been developed towards a
more general cooling method. An ’atomic coilgun’ has been developed using
pulsed magnetic fields feasible for every atom or molecule with a magnetic
moment [6]. A great fraction of the periodic table is either paramagnetic
or can be excited to a metastable state with a nonzero magnetic moment
making the coilgun a general method. However, if one wants to cool atoms
with zero magnetic moment (for example molecular hydrogen Hs), or ground
state atoms (such as ground state noble gases) neither the atomic coilgun nor
common cooling methods can be used. Those atoms and molecules are of great

theoretical and experimental interest (also due to their inertness).

One new approach also developed in the Raizen Lab is the slowing of
atoms and molecules by reflection from a receding mirror. This mechanical
approach does not depend on any internal properties of the particles such as
magnetic moment, polarizability or energy state structure. Its efficiency only
depends on the particle’s mass and reflectivity from a surface. This approach
has already been demonstrated. As reported in [7] and [8] a beam of Helium
atoms at 511m/s was successfully slowed to 246m/s with a temperature of
250m K in the co-moving frame with this experiment. Advances in this exper-

iment will be described in this thesis.



In chapter 2 an overview of the experiment will be given and important
parts of the setup will be discussed. Chapter 3 and 4 will deal with the

challenge of creating atomically flat surfaces aiming towards higher reflectivity.

Chapter 3 will consider the creation of atomic mirrors from silicon
wafers. Those wafers are etched by an irreversible chemical process resulting
in an atomically flat surface. They are passivated with hydrogen to improve the
crystal lifetime. First the basic mechanisms behind etching and passivation of
silicon will be explained followed by the experimental realization. Although the
functioning of this method has already been shown [7], it faces some difficult
experimental problems. Those problems lead to the use of a different material

for atomic mirrors described in the following chapter.

Chapter 4 describes the use of lithium fluoride single crystals as atomic
mirrors. First the process of cleaving a crystal will be explained by giving
a short introduction into the theory of the dynamics of cracks. With that
knowledge conclusions for the cleavage apparatus will be drawn and its design

will be explained.

Chapter 5 will give a summary of improvements and changes made

on the rotor experiment besides the atomic mirrors.

Eventually in chapter 6 results will be presented followed by a short

summary and perspective on possible future work in chapter 7.



Chapter 2

The Rotor Apparatus

2.1 Principle of Operation

In order to slow neutral atoms, not accessible to laser cooling without
a zero electric or magnetic moment, one has to find a different way. One way
is the mechanic approach realized in this experiment. A particle elastically
reflected by a receding mirror has a lower kinetic energy expressed by the
following formula:

v = —v+ 20, (2.1)

where v is the inital, v" the final and v,, the mirror velocity. The same also
holds true for atoms, and one can therefore cool or slow a beam of atoms or
molecules independent of their electro-magnetic properties or energy levels.
The way this method can be realized is described in the following sections of

this chapter.

2.2 Experimental Overview

In this section an overview of the rotor experiment will be given. In
the following sections the basic working principle for important parts of the

experiment will be explained briefly. A schematic sketch of the setup is shown



Figure 2.1: Schematic overview of the experiment. N: Nozzle, S: Skimmer,
R: reflecting position, T: trigger position, Det: detector positions, P: turbo-
pumps, G: vacuum gages, M: cryo-finger and crystal mount.

in Fig.2.1. The apparatus is divided in two parts. In the nozzle chamber,
consisting of two 6-way crosses, an atomic beam is created and prepared. In

the main chamber the beam is manipulated and detected.

Starting at the beginning, a pulsed supersonic nozzle is used as an
atomic beam source (S in Fig.2.1). As it will be discussed in section 2.4 in
more detail, very sharp, short, high intensity pulses of atoms can be created.
Following the path of the atoms, the beam (solid red line) passes a skimmer
(S in Fig.2.1) and reaches the main chamber. If the rotor is in the reflecting
position (R), the beam hits the mirror mounted on the tip on each sides of the

rotor. Hitting the mirror a fraction of the atoms undergoes elastic reflection



(see Chap.2.5).

The rotor can also be moved in a different position such that the beam
passes the main chamber and the direct beam (dashed red line) can be ob-
served. In case of a spinning rotor, the nozzle and rotor are synchronized in
such a way that the rotor passes the triggering point (T) exactly when the
nozzle pulses. The atoms will then, always hit the spinning rotor at the right
position. The fraction of atoms being reflected from the receding mirror show
a decrease in velocity after reflection (see Eq.2.1). The beam temperature is

therefore decreased (Sec.2.5).

The reflection probability of atoms from this mirror is critical for the
experiment. Therefore, creating such highly reflective atomic mirrors with a
long life-time is one main part of this thesis (Sec.2.5). Both, the reflected and
specular beam are detected by two detectors, Detl and Det2 in Fig.2.1, as
described in Sec.2.7.

2.3 Vacuum System

The skimmer (S in Fig.2.1) has an diameter of @5 mm and cuts off
a great fraction of the beam keeping unwanted noise, such as back scattered
shock waves, out of the main chamber. The conductance of the skimmer due
to the small diameter is also very low between the two chambers. This allows
us to use two separated pumping systems. The main chamber pressure can
be kept at about an order of magnitude lower than in the nozzle chamber.

Two 360 [/min at P1 and one 600 [/min turbo-molecular pumps at P2 are



used as well as two separate vacuum pressure gages at G1 and G2. Also, to
further improve vacuum, a cold trap has been designed and is mounted on M
in Fig.2.1. This allows faster pumping down as well as reaching much lower
pressure which is an important point in terms of mirror lifetime (see Sec.2.5).
After an overnight bake-out and use of the cold trap a pressure on the order

of 10710 torr can be reached with a closed nozzle.

2.4 Molecular Beams

In order to obtain atom source with high brightness, a nozzle producing
pulses of supersonic atoms or molecules is used. Supersonic beams have some
important advantages over other techniques such as thermal beams. In order
to understand those properties the principles of operation of supersonic beams

and their source is explained.

In general, atomic beams are created by letting gas in a reservoir escape
through an aperture into a vacuum. In a regime where the mean free path of
the gas particles is much larger than the system’s aperture size one gets an

effusive beam with the well-known Maxwell velocity distribution:

4 3
few) = —( = )2 p2e2mv? /KT

V7 \2kT
Here v is the final velocity of the gas, m the particle mass, k the Boltzmann

constant and T the temperature. The most probable velocity v, and the

velocity spread o, are given by:

[2KT kT v 1
v, ={/—and 0, =/ — = EC— (2.2)
m m Up V2



As seen in Eq.2.2 an effusive beam has quite a broad spread on the order of

70% of Up.

However, the mean free path A changes with temperature 7T, pressure
p and density p: A o< T'/(p- p). Therefore the pressure of the reservoir can be
increased to a point where the mean free path is comparable to the aperture
size and collisions between particles have to be taken into account. To describe
flow properties in this regime one can use the three conservation equations:
conservation of momentum (p = 0), conservation of mass (p% = —gradP)
and conservation of energy. Using those equations as well as the equation of
state of an ideal gas, one can derive the following simple formula describing
the change in flow velocity w, of a gass flowing through a cross-sectional area
A as described in [§]:

dA | dw

o+t =) =o. (2.3)

Here the Mach-number M = % is used which is the ratio of flow speed and
sonic speed in the current medium. As seen from Eq.2.3 the flow speed of a
subsonic gas (M < 1 < v < ¢) is inversely proportional to the cross-sectional

area A. In the case of a supersonic gas (M > 1) the exact opposite relation

holds.

Because of the pressure difference AP between reservoir and vacuum,
the gas is accelerated towards the nozzle exit while the decreasing cross-section

accelerates it further (see Eq.2.3 and Fig.2.2). If the pressure ratio has a certain



Figure 2.2: Schematic sketch of a free jet expansion into vacuum through a
super-sonic nozzle.

value

P 9 k/(k—1)
— < 2.4
Py~ (/i-i— 1) (2:4)

the gas reaches sonic speed (M = 1) at the exit, where k = E—"j is the specific
heat ratio [9]. At that point it is accelerated again, due to the decreasing
cross-section area (Eq.2.3 with M > 1) and expands into vacuum. Therefore,
in order to reach supersonic velocities a convergent-divergent nozzle is required.
This principle was first used by De Laval and is thus called a Laval Nozzle as

used in our experiment.

In a media information can only travel at the speed of sound. Thus,
the flow of the supersonic beam does not adapt to boundary conditions it
experiences in the front. Therefore, the beam can even over expand below the
surrounding pressure. This causes different effects such as shock waves or the

Mach disk shock. As long as the flow properties change over a distance larger



than the mean-free-path, the local equilibrium is always reached instantly and
the expansion can be described fully by the theory of continuous media and
equilibrium thermodynamics. However, as the free beam expands into the
vacuum the density decreases rapidly. When the mean free path becomes
large compared to the system dimensions those theories no longer hold. The
transition from a continuous flow to a non-equilibrium free molecular flow
has occurred. The theoretical treatment is rather difficult and therefore only
important properties of the final beam will be given. A complete derivation

can be found in [9].

The final beam velocity vy is given by

2
=2
Uf PO

(2.5)

k RT p ]
K m

where k = cp/cy is the specific heat ratio. This equation is also known as
the St.Venant and Wantzel Equation dating back to 1839. The final beam
temperature is given by

Ty

T=—"" 2.6
1+ 252 (26)

where S is the ratio between the flow speed w and most probable speed v,,.
With increasing value of S the velocity distribution can be approximated by a

Gauss distribution where the relative half-width Av is given by

Av At 2,/2-1n(2)

w ot S (27)

Here the velocity was replaced by the time of flight % = % for experimental

purposes.
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Since the experiment aims towards cooling supersonic beams, Eq.2.5
shows two possibilities of how one can pre-cool the beam before manipulating
it with the rotor. One way is to cool the nozzle gas reservoir which results in
a lower final velocity. This is done in the experiment by cooling the nozzle to
liquid nitrogen temperatures. Another way to pre-cool is to seed the gas with
a heavier carrier gas. As already indicated in Eq.2.5 a gas mixture can be
described by the average mass m. Thus, by choosing a heavy carrier gas the
final velocity is reduced. Unfortunately, the heavier gases tends to form ener-
getically more favorable clusters, when in the supersonic flow region, heating

the beam again. In this experiment neon (Ne, 20u) is used.

The nozzle used in this experiment was built by Prof. Uzi Even at the
Tel Aviv University. Its unique feature is its opening mechanism which creates
very short pulses of atoms. 10us FWHM pulses with a repetition rate of up
to 40Hz can be achieved. The maximum backing pressure is 100atm resulting
in a high intensity, monochromatic (< 1% velocity spread) and directional

(7°half-angle) beam. The flux ® from the nozzle is given by ® = £~ where
v is the mean velocity. In this experiment, the nozzle is typically operated
at 77K (LN3), 4 atm and at a repetition rate of 5Hz resulting in a flux of

® = 6-10% atoms/s/m? equal to 7.5 - 10*®atoms/shot.

11



2.5 Atomic Mirror

2.5.1 Atom Surface Interaction

For this experiment a high elastic reflectivity of atoms from the surface

is required. Therefor the basic interaction mechanism between incoming atoms

and the surface will now be explained.

In one dimension the interaction between atoms and a surface can be
described with a potential containing two additive parts: a long-range attrac-
tive force, mainly contributed by Van-der-Waals interaction, and a repulsive
force due to Pauli exclusion. This leads to a characteristic potential with a
minimum at zy and potential depth D as shown in Fig.2.3a. In addition, in

two dimensions the potential has to be modulated with a corrugation function

/

¢ to account for surface corrugations (Fig.2.3b).

a)
V(z)

-
Py

LN S\

Figure 2.3: Atom- surface Interaction

(a): one-dimensional interaction potential V' (z), potential minimum at z,
potential depth D. (b): Interaction potential modulated with the corrugation
function £(z,y) (dashed black line). Atoms trajectories (solid red line) for
different cases (i: inelastic reflection, e: elastic reflection, a: adsorption).
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In general, an incident atom is diffracted if the following conditions
hold [10]:
AK =Gpp+6 and AFE =A.

Here, AK is the change in the incoming particle’s wave vector in the surface
plane, GG,,,,, the number of allowed diffraction channels and AE the total change
in kinetic energy. ¢ and A are constants representing changes in internal states
of the incoming particle and the surface. As shown in (Fig.2.3b) there are four

different phenomena that can occur during interaction:

e Elastic diffraction: AK =G, , AE=0
The particle is reflected elastically (path e in Fig.2.3b). Depending on
the number of opened diffraction channels (G,,,,,) the intensity of specular

reflected atoms varies.

e Rotation inelastic diffraction: AK =G, , AE = AERy
If the incoming particle is a molecule there is the possibility of a change
in the particles rotational- vibrational state AE = AFEg, (path i in
Fig.2.3b). For atoms and molecules with a small rotational constant or

atoms this effect is not significant.

e Phonon inelastic diffraction: AK =@ , AE =G, £ hw
The particle excites or absorbs a lattice phonon with wave vector @
loosing or gaining kinetic energy equal to AEg, (path i in Fig.2.3b).
The number of excited/absorbed phonons per atom can be estimated by

the so-called Debye-Waller factor explained in Section 2.5.2.

13



e Adsorption
In some cases, if the atom transfers enough energy to lattice phonons
it can become trapped in the potential well called adsorption (path a
in Fig.2.3b). In this experiment adsorption can be neglected since the

incident velocity is far too high.

Taking into account the different interaction effects, only a few percent
of the incoming atoms are actually reflected elastically. This number is even
further reduced by temperature effects and surface perturbations described in

the next two sections.

2.5.2 Inelastic and Elastic Reflections: Debye-Waller Factor

Considering a lattice at temperature 7' > 0 the atoms oscillate around
their equilibrium position r(t) = ro + dr(t). Because the oscillation period is
small compared to the atom-surface interaction time the atom only sees the
time averaged atom position < r(f) >; and the elastic scattering intensity

decreases:

E,+ D)T

<I>=1 <@ s =12  W=12 (, . 2.8
t 0 (& t o€ 9 kaB@%) ( )

W is called the Debye-Waller-Factor where m is the mass of the incoming
atoms, M is the average mass of a surface atoms, E, is the kinetic energy
perpendicular to the surface for the incoming atom and ©32 is the crystal
surface Debye-Temperature. The surface Debye-temperature differs from the

bulk Debye-temperature. This difference comes from different force constants

14



acting on surface atoms compared to the bulk. The approaching atoms are
accelerated towards the surface changing their kinetic energy. To account for
that effect, a small term D can be added to Eq.2.8 called the Beeby correction.
In this simple model ©% is a material constant. In reality it depends on the

incident angle, incoming particle mass and temperature.

W describes the probability that the phonon occupation number of the
crystal lattice does not change during interaction. Therefore, for a high elastic
scattering intensity the crystal temperature (7') has to be small compared to
©%. This means that the chance of lattice excitations is small and therefore

phonon inelastic diffraction (see Section 2.5.1) becomes small.

For a room temperature molecular helium beam (v ~ 1870m/s) inci-
dent on a LiF(100) surface at 45° the reflectivity becomes about % ~ 60%.
Here a perfectly flat surface is assumed, which of course is not true (see 2.5.3).
Furthermore, the specular reflectivity is reduced by the number of diffraction
channels: the crystal (surface) momentum is about 1.57 1/A while the he-
lium atoms have a wave vector of 11.7 1/A. The total specular reflectivity is

therefore only expected to be on the order of a few percent.

2.5.3 Surface defects

Besides phonon excitations other effects, such as lattice defects, perturb
the corrugation amplitude £ on an otherwise perfectly flat surface. Examples
of such defects are surface steps, lattice vacancies, adsorbed atoms, contami-

nations or surface oxidation. This causes a decrease in the elastic scattering

15



intensity. Since the change in corrugation amplitude is much larger than the
dimension of the defect (Fig.2.4) the scattering signal is very sensitive to the

defect density.

Figure 2.4: Scattering from a surface with high defect density. The perturba-
tion of the corrugation amplitude is much bigger than the actual dislocation
size leading to a high sensitivity of the elastic reflection amplitude to the defect
density.

2.6 Mirror Holder

The crystal (C) in Fig.2.5 is clamped in the holder (H) by a screw (S)
from the back. The thickness of the crystal can be between 1mm and about
2.5 mm. The screw has a threaded hole in it’s center for tightening the hole

part to the rotor tip.

2.7 Detection

The atoms are detected by a Residual Gas Analyzer (RGA). The atoms

entering the ionization region of the analyzer are ionized by electron bombard-

16
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<

//ﬂ S -
@/ 10mm

Figure 2.5: Sketch of the crystal holder. (C): crystal, (H): holder, (S): Screw.

ment from a filament. The ions are then accelerated by a biased focusing ring
towards a quadrupole. This filters only atoms of a certain charge to mass
ratio (/M. The atoms are detected following the principle of a Faraday cup
resulting in a current proportional to the number of atoms. A more detailed
description can be found in [8]. By measuring the current one can obtain a

time of flight spectrum (TOF) of the beam.

The two RGA detectors, Detl and Det2 in Fig.2.1, are mounted in dif-
ferent ways. At Det2, the ionization area, focusing ring, quadrupole filter,etc.
of the RGA lie in the plane of Fig.2.1 in one line with the direct beam direc-
tion. At Detl the RGA is mounted perpendicular to the plane of Fig.2.1. The
effect of different mounting orientations relative to the beam is not clear and

has to be considered (Chap.6).
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Chapter 3

Silicon as a Mirror

In this chapter the preparation of hydrogen passivated silicon (111) as
an atomic mirror is described. This method has already been used in our lab
[8]. At room temperature the pure silicon surface reconstructs to the (2 x 1)
reconstruction, while after heating it falls into the (7 x 7) structure. This
surface contaminates rapidly making it unuseful as a mirror. This problem can
be addressed by hydrogenating the Silicon surface. This results in a Si(111)(1x
1)H structure similar to the un-constructed silicon surface but covered by a
mono layer of hydrogen. The helium reflectivity for this kind of surface and
its lifetime are quite high. During passivation the surface is also smoothened
resulting in an atomically flat surface separated by steps of atomic high. The

method commonly used, called wet chemistry etching, is described below.

3.1 Etching Kinetics and Cleaning Process
3.1.1 Etching Reaction

For etching, a 40% ammonium fluoride N H,F" solution is used, which

dissociates by the following reaction:

o
N HyFlag) S NH3(G(1) + H Flag)-

18



Hydrofluoric acid (HF) strongly dissociates. The solution has a pH value
of ~ 7.8. Note that the ammonium fluoride acts as a buffer solution for
the hydrofluoric acid which is very useful since the etching process depends
strongly on the pH value.

Every silicon wafer is covered by a Inm thick oxide layer. To remove this
layer and reveal the pure silicon structure the crystal is etched in the etching

solution [11]:

*SiF4,*H20 —SiF4
—

R = Si— (Si0,)+ HF R—SiFy+HF 2 R=Si—H

leaving a hydrogen passivated surface. R represents the silicon bulk.
The passivated surface itself is also attacked by the acid:

(R = Si)s — SiHy + H,O 25 (R = Si)y — Si(OH)H + Hy(1)

(3.1)
(R=Si)y— Si(OH)H 25 (R = SiH), + SiF,.

The etching process is purely kinetic and does not reach any equilibrium (ex-
cept if the wafer is totally dissolved). The longer the silicon wafer is exposed to
the solution, the more it is etched. The surface of the untreated silicon wafer is
not perfectly flat. Different kinds of hydrated structures can be found. Some
lie in a flat plane of passivated silicon and only have one hydrate sticking out
and are thus called monohydrid. Others lie at the kink of a step only bound to
the bulk by one bond but are bound by three hydrides and are therefore called
trihydride. A complete description of all different types can be found in [11].
They can be ordered by their reactivity to the etchant. Roughly speaking, the

more the hydride sticks out of the surface the faster it is etched. The lowest

19



etching rate corresponds to a hydride that is part of a surface. Corners and
single irregularities are etched fast while flat surfaces stay intact for a longer
time. The difference in etching rates is of orders of magnitudes. Therefore the

etching solution will tend to flatten or smoothen the silicon surface.

The silicon wafer is always cut along the (111) plane with a miscut
angle 6. It turns out that the surface morphology changes for different miscut
angles. Especially etched surfaces above and below a certain angle of about
0.1° greatly differ from each other. After the surface is smoothened by the
etchant the reaction is governed by the ratio of two etch rates in relation to
the miscut angle. One is the rate of etching one hydride at the flat surface

while the other is the rate of etching a hydride at the corner of a step.

As shown in Fig.3.1 the silicon surface is atomically flat because kinks
and single points reaching out of the surface are removed rapidly by the etch-
ing solution. Due to the miscut angle, steps of atomic height form on the
surface. Those steps are made of dihydrides, which are etched, resulting in
steps receding over the surface with etching time. The time it takes a step to
move the average distance between two steps will be called ¢.(f). Depending
on the ratio of the etch rates between dihydrides and terrace hydrides, a (ter-
race) mono hydride can be removed during ¢. [12] [11] [13]. This results in a
triangular shaped etch pit due to the triangular silicon lattice structure. If a
step moves over an etch pit, this pit is removed resulting in a tip-shaped step

structure (Fig.3.1).

If etch pits are nucleated faster (nucleation rate > 1/t.(f)) than the
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steps move over the surface, the final structure will show a high etch pit con-
centration, probably also double or triple etch pits will be observable. The
deeper an etch pit the faster it grows, a feature known as run-away reaction.
This is due to pH inhomogeneities inside an etch pit leading to extremely

roughened surfaces dominated by deep pits and V-shape structured steps.

If steps recede faster than etch pits are nucleated the final structure

will show straight parallel steps (Fig.3.1) [14].

For high reflectivity, a big distance between steps as well as perfect
terraces are important. Unfortunately the greater this distance, the more etch
pits govern the surface. Etch pit formation increases non-linearly (run-away
reactions) with decreasing miscut angle. A good compromise between big

terraces and acceptable number of etch pits is a miscut angle of 0.1°.

Due to run-away reactions, the number of deep etch pits rapidly in-
creases with etching time. Therefore a compromise between smoothing the
surface by removing terrace irregularities and increasingly roughening the sur-

face by pits has to be found.

As already mentioned, there is no steady state. The process is purely ir-
reversible. The optimal etching time smoothens the surface while not creating

to many etch pits.

3.1.2 RCA Cleaning

Before etching the silicon wafer one has to remove contaminations. Or-

ganic bound particles are hard to remove due to the strong Si — C' bonds. A
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Figure 3.1: Etching kinetics depending on miscut angle 6. Receding steps
(T) in arrow direction, etch pits (P), double etch pits (DP). (b) the etchant
roughens the steps and more etch pits are nucleated possibly leading to deep
run-away etch pits. (c) smooth terraces but a higher step density than in (b),

new pits are removed by receding terraces resulting in parallel straight terraces
[14].
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layer of about 0.2 nm covers every new surface. To achieve good wafer clean-
liness the RCA cleaning process is used. RCA ! cleaning refers to a chemical
mixture known for its properties for removing organic contaminants on sili-
con. The cleaning process can be split into two different sets of chemicals for
organic (Type I) and inorganic (Type II) contamination. RCA-I is a pH10,
1:1:5 mixture of 29 %,; ammonium hydroxide (N H3OH) solution, 30 %
hydrogen peroxide (H203) solution, and water [15]. The wafer is submerged
into the solution for approximately 5 to 10 min at 60 — 80 °C'. The cleaning
mechanism works as follows: the RCA-I solution slightly etches SiOy as well
as Si. If dirt particles are undercut by oxide removal, electrostatic repulsion
moves them away from the surface, while aqueous ammonia has a tendency
to form complexes for example with Co™, Cu?*, Fe?*, Ni or Zn. At the same
time a oxide layer (called chemical oxide, see [15]) forms on the pure Si which
again is removed by oxidation [15]. The rate for removal of SiO, and growth
of a oxide layer are roughly the same. Therefore only a small amount of Si is
removed during RCA cleaning. However, the process results in a more rough
surface where the roughness increases with temperature and time while the

opposite holds for the cleaning efficiency.

Unfortunately metals like Fe, Al, Ni, and Zn in the solution can form
hydroxides which easily attach to the silicon wafer. The chemicals used are
CMOS grade and therefore metal contamination is not a problem. In fact, even

RCA-II is not necessary with this chemical grade.[15]. To give an estimate on

I'RCA stands for Radio Corporation of America.
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Si Wafer Properties

Diameter 100mm.
Type/Doping | N/Phos/Cz
Orientation (111)£0.1°
Resistivity 1 —100 Qcm
Thickness 200 microns
Finish Double Side Polish

Table 3.1: Properties of the used Silicon Wafers.

how crucial the cleanliness is: a 1 ppb Al containing RCA-1 solution can result

in an surface covered by ~ 102atoms/cm? [15].

3.2 Experiment
3.2.1 Si Wafer

The properties of the silicon wafer used are summarized in table 3.1.
The silicon wafers used are cut along the (111) plane by a miscut angle 6 of
40.1°. They are covered by a > 1nm oxide and organic contamination layer.
The big wafer are cut by a computer controlled dicing saw into smaller round

pieces that fit into the rotor tip as described in [§].

3.2.2 Procedure

The process used follows the method described in [11]. It was already
successfully done in our lab [8] and is now tailored towards surface quality. All
cups used are made out of Teflon PTFE, rinsed by ultra pure 18 M{) water
and the chemical which will be used in it for several times. The silicon wafer

is cleaned, then sonicated in methanol for 10min, isopropanol for 10min, and

24



acetone for 5 min. It is then rinsed shortly with 18 M) water and submerged
into the preheated 5:1:1 RCA-I solution at 75 - 80 °C for bmin. During that
time the solution is continuously stirred. Only the water is heated and 2
min before inserting the wafer into the solution, ammonium hydroxide and
hydrogen peroxide are added. This avoids evaporation of chemicals out of the
solution making it less effective. After bmin the wafer is rinsed thoroughly
by about 2 liter of 18 M) water and inserted into the etching solution. The
etchant was purged with ultra high purity argon gas for at least 45min before
etching to remove oxygen from the solution. Dissolved oxygen would disturb
the etching process leading to deep etch pits. The solution is not stirred to
avoid recontamination of the clean surface with already dissolved particles. A
cap is placed on the cup containing the solution to inhibit evaporation. After
about 11.45min the wafer is again rinsed by 2 liter of 18 M) water and inserted
into vacuum after lees than 5 min. The time the wafer stays in air during the
water rinsing is about 30 s to avoid contamination in air. The whole process

is done in a clean fume hood.

Rinsing the wafer with water is critical especially between the cleaning
and etching process since RCA residues would interfere with the etching ki-
netics resulting in deep etch pits. Also, the wafer is dried if necessary during
the different processes with a jet of pure argon. This etching process depends
on certain parameters like etching time, RCA cleaning time, and temperature.

Those parameters have been tailored towards the flatness of the surface.
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3.3 Results

An atomic force microscope (AFM) image of the etched surface can
be seen in Fig.3.3. The image was obtained after about 15 min in air and
30 min in an Argon gas atmosphere for transportation. The resulting surface
shows atomically flat terraces separated by steps of atomic height. Some dirt
particles and/or oxidation can be seen on the surface probably due to the time

in air. The flat structure covers almost the whole area of the @1 cm wafer.

Fig.3.2 shows a clearly over-etched structure. The number of etch pits
is already high enough that even the described V-structure is being destroyed.
Even multiple layers deep etch pits have formed. However, the atomically flat

structure is still visible.

3.4 Conclusion

Although the silicon surface makes a good mirror in terms of reflectivity,
the process is not very convenient. Several methods for improving the surface
have been tried like O, plasma cleaning or RCA sonicating. Although both
processes show better cleaning results they tend to roughen the surface too
much, leading to more and deeper etch pits. The whole process of cleaning and
etching takes several hours. Several hardly controllable factors can completely
make the wafer useless. The wafer is very thin which makes it hard to hold with
tweezers and therefore can easily brake. A crystal holder has been designed to

address this problem, but still the wafer is very fragile. Sometimes during the
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Figure 3.2: 2um x 2pum AFM image of a silicon surface. The surface is over-
etched that even the big etch-pits form on the surface almost destroying the
typical step structure. Steps are separated by single atom steps of 2.5A height.

Figure 3.3: 4um x 4um AFM image of a 11.45min etched silicon surface re-
vealing the atomic height step structure. The steps form an angle equal to the
miscut angle. Steps are separated by single atom steps of 2.5A height.
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sonicating process the wafers break, probably due to the creation of internal

stresses during cutting.

Another problem appeared when using a different wafer set bought sep-
arately but with the same specifications. The atomically flat surface structure
could only be observed on the wafers first bought and could not be repeated to
the same quality with different purchases of the same kind making the results
unreproducible. The process would have to be tailored for every new waver.
Probably the reason is that a miscut angle of £0.1° describes the miscut error,
it can also be less. If the actual angle is lower 0.01° the etch pit formation

might dominate.

Besides the low reproducibility and the long preparation time the crys-
tal lifetime is very short. After a few hours the reflectivity has dropped too
much so that the wafer has to be replaced. Therefore the vacuum has to be
broken, another crystal prepared, and vacuum has to be pulled again, requiring
one day. For using the rotor as an independent source of cold high intensity
beams of atoms and molecules, the silicon therefore is impractical although it

works in principle.

A better mirror with a longer lifetime and shorter preparation time has

to be found.
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Chapter 4

Lithium Fluoride as a Mirror

4.1 Theory of Fracture

A possibility of receiving atomically flat surfaces might be cleaving a
crystal by driving a wedge or knife into it. This was already done by Stern
and Estermann in 1929 [16] observing diffraction patterns of molecular beams
from a cleaved crystal. In order to understand the mechanisms behind this
process a introduction into the theory of fracture and failure of material will
be given. Of great engineering interest is the question of how things break,
which can be answered quite well. On the other hand not much is known
about the propagation of a crack through a material. To my knowledge the
question of how things break, by means of crack development in time, and the

path it takes are not fully understood yet.

Various computer simulations have tried to simulate fracture phenom-
ena beginning at the atomic scale with braking of atomic bonds. The results
often greatly differ from experiments possibly because the simulations critically
depend on the chosen atomic potential. Weather or not a material is brittle or
plastic is still an open question. Some materials shatter in parts when hit by

a sharp wedge while others only tend to deform, thus more energy is required
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for cutting. In theory, a perfect brittle object would break into two pieces
with two new atomically flat surfaces if the applied strain o = F/A reaches
a certain limit (Fig.4.1a). Unfortunately this does not happen for reasons of

plasticity.

In this chapter the basic theory behind failure of material will be given
aiming towards cleaving material. Long derivations of formulas will be avoided

and only qualitative explanations will be given.

4.1.1 Stress concentration

The point of fracture varies for different materials and geometries. From
the view point of atomic bonds one cannot conclude about a materials’s hard-
ness. In fact, atomic properties have less effect on the point at which fracture
occurs. More important, the strength of material depends on flaws and dis-
locations inside an object. As shown in Fig.4.1 different object geometries
influences the stress field in different ways. In order to account for this, one

can introduce the so called stress concentration factor
K =6/0mom (4.1)

where ¢ describes the maximum local stress while o,,,,, is the nominal applied
stress. The concentration factor for a certain object geometry can be calculated
by numerical and analytical methods or determined by experiments. For a

elliptical shaped notch the intensity factor is given by

K=1+2a/r (4.2)
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where a is the notch depth and r the local radius [17] as seen in Fig.4.1b. As
an example, assuming a notch with a = 1mm and r = 0.1mm, the maximal
occurring stress inside a material will be more than K ~ 7.3 times higher
than the applied stress. In theory, when approaching atomic scales (~ IA)
the concentration factor can increase by orders of magnitude and even reach
infinity in this model. Note that a perfect corner with zero radius results in
an infinite large factor K. Thus, when applying stress to an object due to the
stress concentration factor, one single flaw can increase the local stress and

create a crack causing the material to fails.

T +0 T+o T+o

()

l-0 l -0 l-0

Figure 4.1: Failure of an object under applied stress o as indicated by the
black arrows. (a) Fracture in an ideal defect free and brittle material resulting
in two new flat surfaces. (b) Stress concentration around an elliptic notch of
length a and radius  and (c) around a zero radius notch. The colors represent
internal stress in the arrow direction from red (high stress) to blue (low stress).
The Color distribution is different for each figure. Highest stress increases from
left to right.
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4.1.2 Surface Energy

Obviously the difference between a cracked and uncracked body is the
difference in surface area. On the atomic scale, the creation of surface requires
breaking of atomic bonds and therefore requires a certain amount of energy.
This is described by the surface energy [yo] = J/m? which is defined by the
amount of energy necessary to create a surface per unit area. A system is
always pursuing the state of lowest surface energy. In solids the surface energy
depends on the surface orientation. The number of broken bonds and missing

binding partner after separation can be a measure for the surface energy.

4.1.3 Energy Balance during Crack Growth

Whether or not a body is stable is determined by the question if there
is a sufficient amount of energy to overcome the surface energy resulting in
the creation of a surface. This is the main idea proposed by Griffith [18] in
order to develop a crack propagation theory to find which conditions acting on
an object cause crack propagation and result in failure. The principle of this
so-called Griffith theory will now be explained briefly because it gives insight
into the basic driving mechanism of crack growth. To calculate the point of

failure one can simply use the law of energy conservation [19]:
W =Uy+Upy+T+T,. (4.3)

where T represents the external applied load, U,; is the internal elastic energy,

Upl is plastic energy, T is kinetic energy and Ty is the energy required to
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increase the crack area per time. All changes in time are directly related to

changes in crack area A and Eq.4.3 can be written as

_g_i _ % n % (4.4)
where II = U, — W is the potential energy of the system [19]. The kinetic term
is neglected assuming slow material movement during crack motion. Eq.4.4
states the changes in elastic energy can only be done by changes in plastic
energy or surface energy, meaning either plastic deformation or breaking. The
left hand side of Eq.4.4 is also called the energy release rate G = —g—g which is
the amount of energy released/consumed during crack growth per unit area.
Only when this value is greater than the surface energy the crack can propa-
gate and create a (flat) surface by consuming energy %. Depending on the
plasticity of the material a rather big amount of energy will be consumed by

plastic deformations 55’;1 leaving surface defects behind. By using Eq.4.4 Grif-

fith found a critical stress for an object o. at which it will fail if it contains
an elliptical ideal crack (zero radius) of length a [18]. This is known as the

Griffith criterion of fracture [17]:

2 _ 2Ev

(& Y

yes

g

(4.5)

here vy is the surface energy and FE is the constant of elasticity.

4.1.4 Energy Dissipation

There are mainly two different mechanisms of energy dissipation during

crack growth:
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Figure 4.2: (a): shape of the plastic zone due to strain above the limit of
elasticity of the material. (b): Slipping along crystallographic planes due to
applied strain.

e Dislocation Nucleation due to Plastic Flow
Most material exhibit plastic flow with increasing stress. At the tip of
a crack the exerted stress increases by orders of magnitude due to the
stress concentration factor Eq.4.2. The elastic strain cannot exceed the
elasticity limit and therefore plastic deformation must dissipate the ex-
cess energy. This region surrounding the crack tip is called the plastic
zone (see Fig.4.2a). It’s shape and size can be calculated both by analyt-
ical [20] and numerical [21] methods and depends on different material
properties and external conditions. Inside this zone, plastic yielding oc-
curs resulting in the creation mainly of screw dislocations. Those screw
dislocation appear due to material slipping along slip planes (Fig.4.2b).
Slipping or gliding takes place along a consistent set of directions within
these planes called slip directions. If a crack cuts such a screw compo-
nent it will leave a step on the surface behind. Depending on the crack

velocity, the time window in which a certain point on the lattice stays
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in the elastic zone (Fig.4.2) differs. The longer a point is in the plastic
zone the more likely a dislocation can form and the more slipping can

occur. Thus, the faster the crack the less dislocations are nucleated.

Dislocation Movement

Screw dislocations are dragged with the tip of a moving crack inside
the plastic zone. This can lead to steps with a length in the cm range.
This provides an energy dissipation mechanism resulting in an effective
surface energy. Those dislocations are either created in the plastic zone
or do exist in the lattice already. The amount of energy dissipated can

be calculated [20]:

Yerf =0 +af/L, (4.6)

where « is the dislocation density, 3 the energy dissipated by the work
done on the dislocation, and L the crack length. The above equation
shows that more work is required to cut a plastic than a brittle material

because it will first deform before breaking.

4.1.5 Atomic View of Crack Propagation

A good understanding of crack velocity can be extracted from the

atomic scale view of a crack propagating through a material. Note that in

this model no plasticity appears, an ideal brittle material is considered. This

theory is extracted from Michael Marder [22] and is interpreted for a cubic lat-

tice. The translation from atomic to larger scale is not yet fully accomplished.

However, it provides a good insight into crack motion on atomic scales. Con-
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Figure 4.3: Atomic view of crack propagation.

sider a crystal lattice with one kind of atom. Chemical bonds are represented

by springs in Fig.4.3.

The crack will advance if the atomic bond reaches a certain critical limit
and breaks (see Fig.4.3). Before that no crack propagation is possible. After
the bond breaks the released atoms will start oscillating. If the amplitude
of the oscillation is high enough the next atomic bond will reach the critical
length and break, resulting in a propagating crack. The breaking has to occur
in the first quarter of the first oscillation period where the highest amplitude is
reached. After that energy has already been taken away by vibrations through
the neighbors in the lattice and the oscillation amplitude decreases. Therefore
the external strain on the lattice has to be higher than the energy required
to reach the critical bond length for every bond to be broken, else the crack
will stop propagating which is called lattice trapping. The velocity at which

the crack is propagating depends on the applied strain. The more excess

36



strain energy the higher the oscillation will be. Thus, roughly the velocity
increases with increasing strain. There is a so-called velocity gap where no
crack propagation is possible because the energy is too low for breaking the
next bond. A non zero temperature adds some kinetic energy to the atoms

which can support bond breaking.

If the force on the lattice is too big the crack will reach a critical
velocity. At this point, after the bond is broken, the oscillating atoms still
have a sufficient amount of energy to break more bonds. This leads to the
creation of multiple cracks running into the surface called branching. In that

case the surface is very rough.

The crack will never be faster than the speed of sound. The speed of
sound is the velocity of perturbations through a lattice. This speed depends
on the spring constant which again depends on the number and strength of
atomic bonds. Since the crack breaks bonds, the effective spring constant is
lower and therefore the speed can not be as fast as the speed of sound. The

motion of a crack can be categorized in three parts [23]:

¢ Birth:
Crack propagation is not possible. Range reaches from 0 to 20% of the

speed of sound.

e Growth:

Crack motion is possible and stable resulting in a smooth surface.
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e Crisis:
Crack motion becomes unstable above a critical point. The crack velocity
oscillates at high frequencies leaving branches of multiple cracks behind

resulting in a very rough surface.

4.1.6 Cleavage with a Knife

Fig.4.4 shows how a knife forced into a material results in a crack.
The sharp tip deforms the object resulting in a stress distribution with the
heightest stress right in front of the tip due to the stress concentration factor
(Fig.4.1). If this stress reaches the critical stress (Eq.4.5) a crack can form.
Depending on the energy release rate —% (Eq.4.4) and thus depending on the
force applied, a propagating crack will form running along a crystallographic
plane through the crystal. While the crack is advancing, the knife is moving
into the crystal forcing the two halves apart, which adds to the stored elastic
energy of the material and keeps the crack moving. The opening angle a of
the knife is very important since it defines how strong the two crystal pieces

are bent apart and therefore also determines the crack velocity.

4.2 Lithium Fluoride Single Crystal

Various diffraction experiments dating back to 1929 [16] have been done
using lithium fluoride. Those experiments show good reflectivity for molecules
like helium. The fact that diffraction patterns from a freshly cleaved surface

were observed, leads to the conclusion that those surfaces are in fact atomically
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Figure 4.4: Knife with opening angle a forced into an object. This causes the
two halves to bend. Due to the intensity factor the highest stress occurs at the
tip in front of the knife marked by &. At this point the material will begin to
fail. If the energy release rate is high enough a running crack will be created.

flat. One problem using passivated Si(111) as a mirror is the short lifetime
due to contamination and oxidation and the long preparation time. With the

choice of LiF one can avoid that problem which will be shown below.

4.2.1 LiF Crystal Properties

Lithium fluoride (LiF') crystallizes as a transparent face-centered crys-
tal with a lattice constant of ¢ = 4.026 [24]. The unit cell contains two Li™
and two F'~ ions (see Fig.4.5). The bonding type is strongly ionic. Some prop-
erties of lithium fluoride are summarized in Tab.4.1. Due to the small ionic
radii LiF' has a very high lattice energy. Since the lattice energy is bigger than

the hydratisation energy, LiF' is hardly soluble in water.

Regarding the surface inertness one may believe that LiF, due to it’s
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Figure 4.5: 4.026A x 4.026A unit cell of lithium fluoride.

Properties LiF

Space group Fm3m

Crystal structure Cubic, NaCl type structure (FCC)

Coordination number Li[6], F[6]

Lattice parameter g ¢ g = 4.026A

Density p ¢ 2.63905g/cm?

Melting point ¢ 870°C

Solubility in Water ¢ 0.27¢/100g at 18°C

Primary and secondary

cleavage planes ° {100} and {110}

Primary slip plane

and slip direction ® {110}, {110} and {100}

Surface Debye Temperature O | H-LiF® : (415 £+ 44)K
He-LiF?: (350 4+ 50) K

Bulk Deby Temperature ¢ ©, 732K

Table 4.1: Lithium Fluoride crystal properties. :[24], b:[25], ©:[26], %:[27], €:[28]
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strong ionic bonding Li*™ — F~, will show a low contamination, oxidation or
other chemical reaction rate. Nevertheless, for a long time it was believed
that a monolayer of water is adsorbed on freshly cleaved LiF. In fact, various
analyzation techniques such as mass spectroscopy now seem to confirm that
virtually no hydroxide or water layers are formed on the surface [10] [29]. Only
under extreme conditions such a layer can form [29], but can be removed by
thermal annealing. The inertness therefore makes LiF' a good choice in terms

of crystal lifetime.

4.2.2 Cleaved Surface Structure

The LiF (100) surface remains the ideal (1 x 1) structure with little
significant spacial displacement. A cleaved surface shows two different types of
steps [30], called cleavage steps, of heights reaching down to atomic dimensions.
One type of step is always perfectly straight and aligned with crystallographic
planes {100}. Those steps are also called slip steps. The other type is not
necessarily straight and does not follow crystallographic directions. Generally
those steps are radiating from the corner in which cleavage was initiated.
Their direction varies over the crystal following the way the cleavage front

is advancing.[30]

As shown in Tab.4.1 the primary cleavage lies in {100}. The slip planes
lie in {110} and {110} with an {100} slip direction .

!Square brackets describe directions, round brackets describe planes perpendicular to
the given direction (for example the (010) plane is the plane perpendicular to the [010]
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Furthermore, so-called V-shape structures cover the surface. A V-
shaped tip is formed by a cleavage step in the cleavage direction and a slip
step along the slip system direction [30]. The V-shape structure size depends
on the angle between the two steps and therefore varies over the crystal area.
Less commonly cleavage can also occur on the secondary cleavage plane in

combination with the secondary slip system.

The structure just explained will be shown on actual cleaved LiF' in

the experimental section.

4.3 The Cleaving Apparatus

4.3.1 Conclusions from Theory

To initiate cleavage a knife is used to nucleate a running crack through
the material, creating two flat surfaces. Force is applied on the knife and if
the strain in the material at the knife tip reaches the critical stress (Griffith
criterion, Eq.4.5) the crack will propagate, assuming that the energy release
rate overcomes the surface energy (Eq.4.4). The sharper the blade, the higher
the concentration factor, and the faster the critical stress is reached. Driving
the knife into the crystal forces the two pieces apart, resulting in elastic energy
stored in the material. Depending on the knife opening angle the strain energy
is different. If the angle is not optimal the crack probably gets trapped and

the crystal brakes or the crack branches.

direction) and curly bracket { } represent all permutations of the given direction or plane
( {100}: 100, 010, 001, 100,...)
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The following provides a summary about important requirements on

the cleaving apparatus.

e The crystal should always be halved. The ratio of maximum stresses in

both parts of the halved crystal during cleavage is

G (t/2+5)\?
6 \t/2—6

where t is the thickness of the crystal and o the offset of the knife from the

center. This formula can be calculated by the model of simple cantilever
beam dynamics [31]. If a 4 mm thick crystal is cleaved 0.25 mm away
from its center (¢/2) the ratio of maximum stresses becomes Z—f = 1.46.
This imbalance can cause the crack to sheer out of line resulting in a
break off of the thinner piece. The stress ratio is bigger for thinner
crystals. A thickness of 2 mm with the same alignment error would
result in an stress ratio of 2.15. Thus, aligning the blade in the center
becomes more and more important with thinner crystals.

In order to cleave from a larger slab at thicknesses above about 1 cm the

piece can still be cleaved without halving it.

e The blade should be as sharp as possible, leading to a small blade tip
radius p and making less force necessary to initiate cleavage due to the

intensity factor K oc \/p (Eq.4.2).

e The blade should touch the crystal at only one point to avoid multiple

crack initiations on different planes (if misaligned).
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e Short sharp hits with a small hammer should be used. The force should
be enough to drive the crack above the critical velocity and to avoid
the crack becoming stuck. The force should be kept as low as possible.
If too much force is applied, the crack starts branching, creating more
steps, cleaving on other planes, or even breaking the piece due to stress

imbalances.

e The blade should be aligned closely to the (100) cleavage plane to avoid
cleavage of different planes such as a different {100} or the secondary

(110) plane.

4.3.2 Implementation

Various cleaving devices in-situ as well as ex-situ have been designed
[32] [33] [34]. Due to the inertness of the used crystal a method outside vacuum
can be used. Most devices use a blade which pushes the crystal against an
anvil. The blade can be driven by simply using a hammer [34] or pressing
against a blade extension [33]. Fig.4.6 shows the actual design. The crystal is
placed in a groove on the bottom acting as an anvil (a in Fig.4.6). Besides the
groove, there is a scale for aligning the crystal such that the blade halves it.
The blade (b) is clamped with two screws between an extension rod that guides
the knife. The blade can easily be removed for exchanging or sharpening it.
The blade is made out of hardened stainless steel C400. The knife angle is
12° as a compromise between blade sharpness and material strength to avoid

bending or breaking. After a number of uses the knife is sharpened with
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Figure 4.6: Picture of the cleaving apparatus as described in section 4.3.2.
The diameter of the shown crystal is @10mm.
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Figure 4.7: (a) magnification of the cleaver. (b) two different LiF crystals from
which thinner pieces are cut (No.2 and 3 from Tab.4.2) (c) crystal pieces after
cleavage. In all images the diameter of the crystal is @lcm.

a whetstone. During sharpening the knife angle has been varied for better
cleaving. This sharpening method is not very accurate in terms of the knife
angle. However, it is critical for cleavage as seen in Fig.4.4. Therefore there is
potential for improvements as described in Chap.7. The guiding rod has two
grooves so it can be guided by an alignment plate (¢). The top of the rod is
threaded and a ring (d) can be screwed on it. The ring has two set screws for
clamping it down at the right position. By turning the stopping ring, the blade
can be lowered till it touches the crystal. Then the crystal is removed and the
ring is turned further to set the depth the knife can move into the crystal.

The stopping ring is threaded by 36 threads per inch. Thus, by turning the
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stopping ring one turn the blade will stop after advancing about 1mm into
the crystal. When cleaving has been initiated and the crack halves the crystal
the ring (d) hits the stopping plate preventing the knife from driving too deep
into the crystal destroying the fresh surface. For aligning the blade parallel to
the cleavage plane the alignment plate (c) is used following the principle of the
Nonius Scale. On the alignment plate holes are drilled on a circle separated by
18.1°. The platform underneath has holes drilled also on a circle but 18° apart.
Thus only one combination of holes can be positioned axial symmetric, a pin is
inserted to keep this position. Depending on the combination of aligned holes
the alignment plate and through the guiding the blade can be turned by £0.1°
allowing exact alignment. The advantage of this design is that the current
alignment plate can be easily replaced by a different one with different hole
positions allowing it to increase or decrease the angular alignment precision.

The current plate used reaches from —0.9° up to +0.9° in 0.1° steps.

All parts except the knife are made out of stainless steel. The device is
specially design to be very rigid so that forces are directly translated into the
crystal. The crystal is cleaved by hitting the top of the rod (d) with a small

hammer.

4.4 Results

Different lithium fluoride crystals have been used (Tab.4.2). They are
either round or square shaped rods, and the purity as well as the growing

method varies. The following sections will deal with the results obtained for

47



each type of crystal.

Lithium Fluoride Crystals

No 1 2 3 4

Manufacturer Superconix | MaTecK | REXON Argus Int.
[35] [36] [37] [38]

Length 50mm 50mm 50mm 100mm

Face (< £0.2mm) | (10mm)? ?10mm | (10mm)? (10mm)?

Miscut +0.5° +0.1° NA +2°

Purity > 99.995% | > 99.9% | v hardened | -

Growing method | vac vac vac Kyropoulos

Table 4.2: Overview of LiF crystals used in the experiment. 'miscut’ column
describes the parallelism of the face to the (100) cleavage plane.

4.4.1 Pure Lithium Fluoride

The first results were obtained from a square 10 x 10 x 50 mm? crystal
with the (100) plane parallel to the face by £0.5° (No.1 in Tab. 4.2). To initiate
cleavage the knife had to be hit many times, causing the knife to penetrate into
the crystal about 1 — 2 mm, damaging the edges as well as the fresh surface.
From the 5 cm long piece about 8 mm thick pieces are cleaved off. Below about
8 mm alignment becomes critical and the pieces always have to be halved. It
is possible to cleave crystals to a thickness of about 2 mm but alignment is
very critical at that thickness and the error rate becomes high. Fig.4.8 shows
a picture of a cleaved surface taken by an optical microscope. The crystal
actually is transparent. The orange tone comes from different filters used to
obtain a better contrast. One can see big cleavage steps on the order of 10ths

of microns running along the direction of the propagating crack. Along those
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bigger steps smaller steps also stretch over the surface reaching down to atomic

height. Those features are not visible by an optical microscope.

Fig.4.9 shows an atomic force microscope (AFM) image. It turns out
that getting an image is hardly possible. The reason is a common problem
of imaging cleaved ionic crystals. During cleavage surface charges are left on
the surface. The interaction between surface charges and AFM tip make it
almost impossible to receive a rough image. To reduce those charges one can
use a standard ~ ionizer. The 7 radiation ionizes the surrounding air which
then neutralizes surface charges. After treatment with an ionizer and resting
in air it is possible to obtain some higher resolution images. The interaction
between the ionized air and the charged surface is not clear. Probably the high
contamination of Fig.4.9 corresponds to former surface charges. Despite the
radiation, the surface probably still has charges indicated by horizontal lines
distorting the image. Due to the problems of imaging, it is not clear if truly

atomically flat surfaces are created and if they are free of contamination.

The cleaved crystals are inserted in the holder, then into the chamber.
Moving the rotor to the reflecting position (R in fig.2.1), the reflected signal is
measured. With these crystals only a diffuse signal could be recorded. Elastic

reflection was not detectable.

One reason for the low reflectivity is suspected to be related to the
plasticity of LiF. Ionic crystals are commonly expected to be very brittle and
therefore should show excellent cleaving results. Various publications have

reported that old crystals used to show good cleaving results while recently
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Figure 4.8: x20 magnification of cleaved LiF taken by an optical microscope.

Figure 4.9: 4um x 4pm AFM image. Bad image quality probably due to
charges indicated by the 'glowing’ effect of steps. The surface was radiated by
ionizing v radiation to reduce charges. About lhr after preparation.
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bought ones were hardly cleavable [10] [39]. We expect that the reason might
be the different crystals growing methods used. Today single crystal are com-
monly grown in vacuum, while earlier they where grown in air. Growing in
vacuum leads to very pure (see Tab.4.2) crystals with little lattice defects
and almost perfect structure. Air grown crystals on the other hand show
many impurities and lattice defects. We suspect that these defects, resulting

from trapped air and lattice vacancies cause a higher stress concentration (see

Eq.4.2).

There is a certain stress required in a crystal to create slipping. If the
impurity concentration is high enough, the stress concentration factor might
cause the crystal to break before slipping can occur. That little elastic energy
is spent on plastic deformation (Eq.4.4) and a perfect (low step density) surface
can be formed. In fact, it turns out that pure LiF is plastic while impure LiF
on the other hand is very brittle. The strongly damaged edges as well as the
many hits the knife needs to nucleate a crack confirm that a big amount of

elastic energy is wasted in plastic deformations.

[40] also suggests that impurities (especially magnesium) of air-grown
crystals causes brittleness by increasing the required critical shear stress for
slipping by an order of magnitude. In the atomic picture of crack motion
(Sec.4.1.5) impurities such as magnesium ions might act chemically as a cata-
lyst reducing the critical bond length in the crystal making advancing a crack

easier.
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4.4.2 Kyropulous Air Grown Lithium Fluoride

Air grown crystals (so-called Kyropulous method) also were examined
(No.4 in Tab.4.2). We expect them to show roughly the same amount of
impurities, and therefore brittleness, as the crystals used in earlier He-LiF
diffraction experiments. The cleavability is similar to the radiated crystals but
they exhibit multi-faceted surfaces, while the other crystals (No.1-3) always
showed a single facet. We expect those facets to come from grain boundaries
of the crystal resulting in cleaved (100) planes tilted to each other along those
boundaries. This unnecessarily reduces the reflectivity of the surface since not
all specularly reflected atoms will hit the detection region. The imperfection
of the crystal lattice has its origin in the growing method which does not result
in a good crystal structure. This makes the results from different air grown

crystals or even different points on the same crystal unpredictable.

4.4.3 ~ Hardened Lithium Fluoride

As mentioned in the above section, pure crystals do not show good
cleaving results. Therefore vacuum grown crystals (No.3 in Tab.4.2) radiated
with ~-rays from an Co-60 source have been purchased. Ionizing radiation
is known to create so-called F-centers or color centers in the lattice. An F-
center is a lattice vacancy in an ionic crystal which is missing an anion. This
vacancy can be occupied by electrons. Those electrons can absorb light causing
the crystal to change its color. In lithium fluoride the F-centers absorb visible

light resulting in a yellowish crystal (instead of transparent). Further radiation
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can even change the color to amber or black. As shown in [39], v radiation
from a Co-60 source with a flux of 4 x 10° 7/hr can increase the resolved shear

stress by a factor of over 14.

The crystal used is listed in Tab.4.2. It shows a yellowish color as
shown in Fig.4.7c. Cleaving can be easily achieved by one or two sharp, light
taps on the knife. Crystal thicknesses of below 0.5 mm can be achieved easily
with one tap, allowing for a total preparation time of a few minutes. When
cleaving to a thickness of about 0.25mm alignment becomes very critical. The
edges show far less damage indicating that the crystals are single-faceted with
low plasticity. An AFM image as well as a height profile is shown in Fig.4.10
and Fig.4.11. An image can immediately be obtained after 1 hr of storage in
argon. Surface charges were not observed on the scale of Fig.4.10. The height
profile clearly shows the expected cleavage steps. In this image cleavage and
slip steps run close to parallel resulting in long stretched V-shaped structures.
Terraces of um size can be observed. The structure obtained by cleaving is
clearly comparable to AFM height profiles of other cleaved crystals such as
potassium bichromate [41]. (Unfortunately no height profile of cleaved LiF on
this small scale could be found.) The radiated crystals clearly show the best
cleaving results. Fig.4.12 shows a picture of a cleaved piece. Some cleavage
steps following the crack direction over the surface can be seen by eye. The
surface is a single (100) facet, showing good light reflection which can also
indicate good atomic reflectivity. The piece has a thickness of 0.49mm which

can now be achieved with almost every attempt.
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Figure 4.10: 10um x 10pum AFM image of cleaved LiF after about lhr storage
in an argon atmosphere and lhr in air. The yellow LiF was used. Black arrow
indicates the measured height profile in Fig.4.11.
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Figure 4.11: Height profile of a freshly cleaved surface taken by the AFM
measured along the line indicated by the arrow in Fig.4.10. Blue arrows mark
cleavage steps. The whole surface appears to be tilted for experimental reasons.
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Figure 4.12: Example of a freshly cleaved 10mm x 10mm ~ hardened crystal
which can be achieved with almost every attempt. The piece has a thickness of
0.49mm. Note that it is a single faceted surface showing good light reflection
which can be an indication for good reflectivity.
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Chapter 5

Rotor Improvements

/=Z

L~
M

Figure 5.1: Overview of improvements on the rotor experiment marked green.
H: new cryogenic nozzle holder, Sk: new skimmer mount, R: new crystal and
holder, S: new spindel, C: cryo-trap and the laser system (D: Photodetector,
L: Lense) for detecting resonance frequencies.

As shown in Fig.5.1 various changes have been made by our group for
improving the experiment. New crystals as well as different holders are used,
allowing for longer life and shorter preparation time, as described above. A

new cryogenic nozzle holder for cooling the nozzle to LNy temperature has
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been built. A cryo-trap for faster pumping speed, allowing for a longer crystal
lifetime has been built. Also, the skimmer mount has been improved. A new
spindle with a lower mass and moment of inertia, making it possible to spin

faster, has been installed.

Since the rotor is spinning at high frequencies, the rotor material is
exposed to high stresses. One has to make sure that no material limit is reached
while the rotor is spinning. Material failure would be fatal due to the high
kinetic energy. Also special care has to be taken on rotor resonance frequencies
which could amplify up to failure. Since the rotor contains a new lower mass
spindle, different holder and crystals, the behavior at high speeds has to be
reconsidered. Therefore a laser system has been set up (see Fig.5.1). A laser
beam is focused through a lens onto the spindle (S) in a way half the light
passes and reaches a detector. If the spindle reaches a resonance frequency and
begins vibrating the detector will detect a change in intensity. Furthermore,
the signal is analyzed in terms of intensity of resonance frequencies at various
rotor speeds. Simulations have been carried out to compare the experimental
results. It is assured that the stress in the spinning rotor is more than an
order of magnitude lower than the yield tensile strength. The simulations
agree with experiment. The rotor can now be operated at up to 48Hz which
corresponds to a tip velocity of 150.7 m/s. Additionally, the laser detector
signal is implemented in the rotor control program. If the root mean square
(RMS) amplitude of the detected light reaches a certain value to rotor turns

off as a safety precaution.
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Chapter 6

Results

In this chapter the first results of reflecting helium from a cleaved LiF
crystal from a standing and moving mirror are presented. The measurements
provide a proof of principle, although all data presented is preliminary and

further exact measurements have to be done.

As described in chapter 2, the RGA detector outputs a voltage propor-
tional to the number of detected atoms. Therefore, only relative signals are
relevant. The direct beam detector is mounted horizontally while the other is
mounted vertical (see section 2.7) and the effect on the measurement is not
clear. In order to make the direct and reflected beam signals measured with
different detectors comparable, the signal to noise ratio S/N is used. Here,
the noise amplitude is defined as 2 - o, where ¢ is the standard derivation
0% = (X — (x))?. Brackets (z) represent the arithmetic mean. Thus, 68.3% of

the measured signal lies in the (z) + o region.

6.1 LiF Reflection Signal

Fig.6.1 shows the reflection of helium of a 30:70 He-Ne mixture with

a nozzle backing pressure of 60 psi. v-ray hardened crystals of about 0.5mm
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Figure 6.1: Helium reflection with a 30:70 He:Ne mixture from (100) LiF
compared to the direct beam. ’'S/N’ stands for signal to noise ratio. The
direct beam data has been multiplied by a factor of 5.5 for comparison.

thickness are used. The reflected beam appears earlier than the direct beam
because they follow paths of different lengths. The background signal is lower
before than after the peak, which corresponds to the thermal beam expanding
into the rotor chamber, while the super-sonic beam is detected (this makes
the reflected beam signal slightly asymmetric as well). The direct beam signal
barely shows this effect because a @5 mm aperture separates the direct beam
detector from the main chamber. For comparison, the direct beam signal is
multiplied by a factor of 5.5 to make the noise approximately the same for

both signals. A better comparison would be the signal to noise ratio (S/N).
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The direct beam shows (S/N) ~ 20.4, while the reflected beam gives a

direct

S/N ratio of (S/N),.; =~ 12.5. Based on the signal to noise, the reflected

beam appears a factor of

(S/N>direct ~
(S/N)yert o o1

lower than the direct beam.

The distance between nozzle and direct beam detector is (1.3640.02)m.
The nozzle responds with a delay of At = 40us due to the driving electronics.
The direct beam pulse arrives at (2670 £ 14)us, with a FWHM of At =
(424 + 60)us. The beam velocity is calculated to

v = (503 & 10)m/s, (6.2)

which corresponds to a 30%:70% He:Ne mixture. By using Eq.2.7, it follows
for the speed ratio S:
Sdirect = 15.5 £ 2.2 (6.3)

With Eq.2.6 the temperature of the beam becomes:
Tairect = (790 £ 233)m K. (6.4)
For the reflected signal one gets:
Srest = (24.4+3.0) and T,.p = (323 £ 80)mK. (6.5)

The temperature of the reflected beam Eq.6.5 lies in the expected mK range.

The direct beam temperature Eq.6.4, on the other hand, is noticeably high.
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The difference most likely comes from the 5 mm aperture separating the
direct beam detector from the main chamber and the pumping system. In this
separated region the background gas pressure is higher and the direct beam is

heated due to collisions.

6.2 Spinning the Rotor

0,4 - —— Reflected Beam @ 25Hz
—— Direct Beam (x5.5)

U /V (arbitrary units)

time / ms

Figure 6.2: Helium reflection from a 30:70 He:Ne mixture from (100) LiF
compared to the direct beam while the rotor is spinning at 25Hz. The direct
beam data has been multiplied by a factor of 5.5 to make the signal measured
with different detectors comparable.

Fig.6.2 shows the first reflection results obtained at 25Hz. This ex-

periment was only a proof of principle and was not intended to spin at high
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frequencies. The rotor can spin faster but the masses of the two crystals on
opposing sides of the rotor would have to be balanced fist. The signal to noise

ratio of direct and reflected beam becomes:

(S/N)yepi ~ (7.8)
(5N~ (205)

~ 38%. (6.6)

The same nozzle settings and gas mixture as in the above section is used. The
initial beam velocity is v = (5034 10)m/s, corresponding to a 30%:70% He:Ne
mixture. The rotor is spinning at (25.000£0.001) H z, thus, the mirror velocity
is (79.122+£0.003)m/s. Eq.2.1 leads to the velocity of the reflected beam. The

final beam velocity should be
vy =344 m/s.

Assuming the moving mirror does not heat the beam significantly more than
the standing mirror, the temperature of the slowed, reflected beam is given
by:

Trefiosm: = (323 £80)mK = T p.

Due to the small reflection signal, the influence of the thermal beam becomes
significant, resulting in an asymmetric signal shape. This makes the signal non
Gaussian. Thus, Eq.2.6 and Eq.2.7 cannot be applied and the temperature

cannot be calculated in this model by measuring the FWHM At.

6.3 Crystal Life-time

The freshly cleaved surface stays in air for less than bmin before it is

inserted into the vacuum chamber. After 1h, at a main chamber pressure of
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about 1077 torr, with a nozzle cooled to LN2 temperature, the experiment is

started.

The reflected signal, after 130min of measurement with the RGA fil-
ament turned on, decreases to about (94 + 4)% compared to the reflection
before the measurement. Crystals have already been used up to 6hours. In
contrast, silicon shows a rapid decrease in reflectivity when the RGA filament
is on, while the RGA filament does not seem to be a major cause of reflection
loss for LiF. (Previous experiments [8] show a reflection loss of 50% for silicon

after about 25min.)

6.4 Closing of Diffraction Channels

With the new mirror material we expect to benefit from a certain scat-
tering effect called rainbow scattering.
Rainbow scattering describes the phenomenon of strong maxima appearing in
the classical scattering probability as a function of scattering angle. The name
comes from classical optics where light scattered from raindrops has a strong
maximum at a certain scattering angle. Rainbow structures are characteristic
for surfaces with a high corrugation amplitude compared to the incoming parti-
cle’s wavelength. Table 6.1 shows He-LiF diffraction probabilities for different
diffraction channels [42]. This clearly confirms a high corrugation amplitude
for LiF due to it’s strong ionic character. For an incident angle of 40° the
diffraction probability in the (2,2) channel is even 239 times higher compared

to (0,0) order diffraction. This makes LiF an ideal material for diffraction
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studies, since only little intensity is lost in specular reflection. Unfortunately,

in this experiment higher order diffraction is lost and not detected.

At 297K the surface lattice constant of LiF is 4.02A [43] corresponding
to a crystal momentum of kr;r = 1.56 1/ A. An incoming particle is diffracted
if the scattering condition AK = G, ,, holds (see section 2.5.1). Therefore the
second diffraction channel G5 19 is closed, if the incoming particles momen-
tum is below k < 2 - kr;r, where the factor of two corresponds to the second
order diffraction. Thus, a particle with a velocity below 3.12 1/A = 496m/s

cannot undergo second order diffraction.

Thus, we expect an increase in specular reflection intensity when the
second order diffraction closes. This effect should compete with a problem we
call the fanning effect: Let the FWHM of the incoming beam be At = 424us
(section 6.1). On this time scale, spinning at 25Hz, the rotor has turned by
3.8°, distributing the reflected beam over at least 7.6°, resulting in a lower
signal at high crystal velocities. This effect is a major disadvantage resulting

in a great loss as shown previously with a Si(111) mirror [8].

Fig.6.3 shows the detected reflection intensity at different rotor fre-

Diffraction Probabilities P,,, - 103

Diffraction Channel | (-3,-3) | (-2,-2) | (-1,-1) | (0,0) | (1,1) | (2,2) | (3,3)
P - 10° 0.7 | 207 | 1.1 | 33 | 1.1 207 07

Table 6.1: Diffraction probabilities P, - 103 for a room-temperature super-
sonic helium beam scattered from 80K (100) LiF along the 100 direction with
an incident angle of 0° taken from [42].
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quencies. In fact, a slight increase in reflection intensity was observed during
the run. The reflection between 10 to 15Hz even reaches the intensity of a
standing mirror. This might indicate that a big fraction of atoms is diffracted

into higher order as long as the 2nd order diffraction channel is opened.

Data of a previous experiment [7] using Si as a mirror, fitted by an
exponential decay, is shown along with the LiF results. The LiF and Si data are
normalized to the corresponding reflection signal of a standing mirror (0Hz).
The effect of closing diffraction channels is not observed for silicon. Therefore
the decay seen for Si in Fig.6.3 is expected to be mostly due to the fanning
effect. Fig.6.4 shows the ratio between LiF data and Si fit. If there was no
specular reflection increase due to closing of 2nd order diffraction, the ratio

between LiF data and Si fit should be constant and close to one.

The second order diffraction peak corresponds to a wave vector of k =
3.12 1/A equal to a velocity of v = 496.0 m/s. Thus, every incident particle
with a velocity higher than v can undergo 2nd order diffraction. Taking the
incident beam velocity of v = (503 +£10)m/s (Eq.6.2), the second order will be
closed above fy,4 = (2.2+3.2) H z spinning frequency. The higher the spinning
frequency, the more atoms of the incident beam distribution cannot diffract

to 2nd order. Thus, the specular reflection maximum is expected to lie above
f2nd‘

As seen in Fig.6.4 there is a big discrepancy between the measured
maximum in intensity and the calculated frequency fs,4. Further experiments

will have to show whether or not the measured maximum corresponds to fo,4.
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Yet, there are too many uncertainties in the measurement, since parameters,
such as exact timing have to be optimized with further runs and the fanning
effect has to be considered more carefully. Therefore, the effect of closing of
2nd order diffraction is still speculative. At the moment no conclusions can

be drawn about the closing of diffraction channels.
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Figure 6.3: Detected reflection intensity at different rotor frequencies for LiF
compared to Si data fitted by an exponential decay. Data is taken from pre-
vious experiments [7], normalized to the reflectivity at OHz (standing mirror)
and given in percent.
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Figure 6.4: Ratio between LiF and the Si fit in Fig.6.3
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Chapter 7

Conclusion and Future Work

Various improvements have been made on the rotor experiment. The
rotor now can spin at higher frequencies, enabling further slowing of atomic
beams. The chamber can be pumped down faster and kept at lower pressure

due to the cryo-trap, which improves the crystal life time.

The process of producing atomically flat silicon (111) was tailored to-
wards better surface quality, but it is not an optimal choice in terms of prepara-
tion and crystal life time. Especially the low reproducability makes it necessary

to find a better material.

Our attention was brought to lithium fluoride often used for atom-
surface diffraction experiments. Its capability for this experiment was tested
and the setup has been adopted to the new mirror material. Various crystals
with different purities or grown by different methods where tested. It turns out,
radiation hardened LiF exhibits the best surface quality. Pure LiF is hardly
cleavable due to its plasticity while radiated LiF results in a high defect density
making the material more brittle. This material has a short preparation time
of about 5 min compared to a few hours for silicon. It is easy to handle and

prepare by cleaving. The crystal has a much longer life time due to its surface
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mertness.

We obtained first results as a proof of principle by reflecting ground

state helium at up to 25Hz spinning frequency.

It turns out that we are restricted to low mass atoms. Higher masses
result in an increase in the Debye-Waller factor leading to a decrease in the
elastic scattering amplitude. Deuterium, D5, although it has the same mass as
helium, shows little reflectivity probably due to rotational inelastic diffraction
and we were not able to observe a strong reflection signal. Molecular hydrogen,
H,, might be a candidate for this experiment, although the current detectors

are not capable of detecting such low masses.

An interesting effect, motivating further studies, might be the pos-
sibility of closing 2nd order diffraction resulting in an increase in reflection
intensity. Right now, more careful measurements have to be done to examine

this possibility.

Cleaving is a quite general method of obtaining atomically flat surfaces.
Alkali-, earth alkali-halides or other crystals, due to their similar cleaving
characteristics, could easily be prepared and tested with the current setup.
NaCl or MgF; might be worth another try because of their good inertness

but higher mass compared to LiF.

Big potential for improvement probably lies in the cleaving process.
The crystal should be hardened towards higher brittleness. Magnesium doped

LiF becomes more brittle with increasing concentration. F-centers are a
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promising method since the crystals used for this experiment are hardened
by ~-radiation causing those centers. There should be an optimum in radia-
tion dose as well as dopant concentration. An easy way of creating F-centers
might be heating a crystal in steam of its metal [44], which is a known and doc-
umented process. The F-center concentration can be measured by the crystal

color.

The cleaving apparatus has been designed to be extendable. A device
for setting the force acting on the knife could be added on top of the device

where a mass is dropping from a certain height on the knife extension.

By gaining further control over the cleaving process, in particular the
crack velocity, one might be able to increase surface quality as well. There is
a specific minimum time, an ’'incubation time’, to nucleate a dislocation. If
the crack is faster than this critical velocity v., no dislocations are nucleated
[31] [45]. This time window corresponds to the process of building up tension
to cause slipping and to create a dislocation. Above the critical velocity v.
dislocation motion is also constrained. In brief, depending on the crack velocity
the shape of the plastic zone as well as the tension (in means of strength
and direction) on dislocations changes. This results in a force counter acting
against the stress field in front of the crack tip impeding dislocation motion
[20]. In theory, a crack advancing above the critical velocity would leave a
perfectly flat surface behind. If one could control the crack velocity, one could
obtain a very flat surface. One approach might be the following: the crack

velocity does depend on the knife shape. While the crack advances, the knife
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penetrates further into the crystal. Depending on the knife shape the two new
pieces will be pulled apart with a certain force. This force results in a strain
field with it’s maximum in front of the crack (those relations are known and
can be calculated by classic beam theory and theory of elasticity). By carefully
choosing a specially shaped knife one could obtain control of the crack velocity

in terms of crack length and knife penetration depth.
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