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ABSTRACT

In this research, three projects have been carried out to study the ion-
bombardment-induced damage and topographic development, ion beam synthesised
semiconductor alloy, and tip artifacts in atomic force microscope imaging:

(1) Ion beam implanted germanium by various ion species has been studied
by atomic force microscopy (AFM), and Rutherford backscattering spectrometry
.(RBS). A metal vapour vacuum arc (MEVVA) ion source implanter has been used to
implant Co, C, and Ge at an extraction voltage of 60kV into chemomechanically

polished Ge(100) n-type wafers with doses ranging from 6x10' to 6x10'" ions cm™?,

with mean current density being 15 wA cm™. Cellular nanostructures were observed
on both Co-implanted and self-implanted samples, but not in C-implanted ones. This
is attributed to the much smaller mass and size of C-ions. Various mechanisms for
crater formation are discussed, with special attention paying to whether the larger
craters can be created by the coalescence of smaller craters in med‘ium dose
implantation (10l5 ~ 10" ion cm'z), and also the importance of the thermal spike
effect in crater formation. Ion channeling spectra for C-implanted samples show a
smaller depth of damaged layer than the Co-implanted and self-implanted samples in
higher dose implantation (6x10'® — 6x10"7 ion cm™). It is contradictory to the
theoretical prediction and possible explanations are suggested. A surface yield deficit
exists in the random spectra of Co-implanted, and self-implanted samples.

(2) Germanide formation and structural evolution in Co-implanted
germanium have been studied by 0-20 x-ray-diffraction (XRD), Rutherford
backscattering spectrometry (RBS) and atomic force microscopy (AFM). A metal

vapour vacuum arc (MEVVA) ion source implanter operated at 60 kV was used to
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implant Co into Ge(100) wafers with doses ranging from 6x10" to 6x10" ions cm?,
and mean current density being either 15 or 210 pA cm™. The sequence of phase
formations was obtained by XRD. Co3;Ge,, CosGe; and CoGe; were synthesised in
the as-implanted samples. Dramatic cellular and columnar nanostructures were
observed by AFM in the low and high mean current density samples respectively.
Information on the roughness was obtained. The degree of crystallinity and the depth
of the damaged layer were determined by RBS and ion channeling. The phase
formation and evolution are discussed with respect to beam heating effect and the
heat of formation.

(3) Contact-mode AFM was used to observe the nanostructures created on Ge
surfaces by Co-ion implantation in the previous experiments. It was demonstrated
that the appearance of a granular morphology obtained by contact mode is due to
severe image distortions when the tip size is larger than the mean crater diameter. For
images observed by tapping mode AFM, low to medium dose samples (up to 1x10'®
ions cm?) may upon to minor image distortions. These tip artifacts can be
deconvoluted by inverting the image and the lateral extension of the hole can be

reproduced with reasonable accuracy.
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CHAPTER 1 INTRODUCTION

1.1. Ion Implantation

The properties of semiconductors can be changed by introducing small
quantities of dopant atoms. Such changes make semiconductors to be useful for
electronic devices. A method is needed to introduce the dopants in a controllable,
reproducible way such that it is free from any undesirable side effects. Initially,
dopants were diffused into the semiconductors from a surface source such as a doped
glass [1]. The dopant concentration at the surface was maintained at solid solubility
and therefore, seriously limited the possible dopant distributions that could be
obtained. During 1960s, ion implantation was developed.

In ion implantation, the dopant atoms are vaporised, accelerated and directed
at the semiconductor target. They enter the crystal lattice, collide with target atoms,
lose energy and gradually come to rest within the lattice. The destruction on the
target lattice is usually recovered by heat treatments such as furnace annealing or
rapid thermal annealing, laser annealing, efc.

Accompanied with the rapid development in implantation techniques, one
area that has aroused much interest is the study of the ion-bombardment-induced
damage and topographic development [10-29]. This topic is of fundan.1ental interest
as well as practical importance. It finds the technological applications such as the
controlled contouring of surfaces, the preparation of surfaces, or even the
modification of mechanical and electrical properties of materials.

Ton implantation has also found vast applications in many aspects. In every

integrated circuit production line, there are ion implantation systems. Focused ion

-14 -
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beams can be used directly to write dopant patterns without the need of a mask. Low-
energy systems have been designed to implant very shallow dopant layers leading to
ion beam deposition. High-dose and high-energy implantation has been used to form

buried layers of different materials.

1.2. Scope of the thesis

This research started from following Dr Y. J. Chen, a doctoral student of
Professor Wilson in 1994-1997, to study ion-bombardment-induced damage and
morphological development.

Single-crystal germanium (Ge) was chosen as the target material because it is
of high purity, electrically conducting to avoid charge build-up, and has a reasonable
high sputtering yield to reduce beam time and ensure self-cleaning of the surface.
Cobalt (Co) was used as the bombarding ions in Chen’s work. Though he mentioned
about implanting with iron (Fe) and germanium (Ge) into germanium, not many
results were presented. Therefore different bombarding ions are chosen to see if it
would make any difference on morphological development. Carbon (C) is selected
because carbon atom is much smaller in size and in mass than cobalt atom.
Germanium is also selected so as to eliminate any effect from phase transformation
or chemical sputtering. An investigation of the germanium wafers im;l)lanted by the
three different ions (Co, C, and Ge) with varying doses is presented in Chapter 4.

By using high beam current density, high temperature would be readily
achieved and phase transformation is likely to occur. Many studies have been carried
out on forming buried metal silicides by implantation [36-38]. Though a picture of
Co-implanted Ge by high beam current density was presented in ref. [19,20] by

Chen, it was not a complete series and no account for phase transformation has been

15
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included. Therefore, we try to synthesise a germanide layer by direct implantation.
For the bombarding ion, we choose the one that can form a germanide with possible
technological applications. Cobalt is a promising candidate as one of its phases of
cobalt germanide has a very low resistivity and good thermal stability, which is
suitable for interconnection in VLSI technology. Moreover, when implanted into Ge,
cobalt ions do not form bubbles or blisters, which may complicate our analysis.
Therefore cobalt was chosen as the bombarding ion. The results are presented in
Chapter 5.

Chapter 6 presents a study on the tip artifacts in atomic force microscopy
(AFM). Contact mode AFM was used to observe the nanostructures created on Ge
surfaces by Co-ion implantation in the previous experiments. It was demonstrated
that the appearance of a granular morphology is due to severe image distortions when
the tip size is larger than the mean crater diameter. A simple way to find out the
lateral extension is suggested.

Brief introductions on the background theory and equipment reviews are

given in Chapter 2 and Chapter 3, respectively. A conclusion is given in Chapter 7.

-16 -
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CHAPTER 2 BACKGROUND THEORY

This chapter is a brief review of the theory in ion-solid interaction. More
detailed discussions can be found in the book written by Nastasi, Mayer and

Hirvonen [4].

2.1. Ion Stopping

As shown in Fig. 2.1, when an ion (projectile) with incident energy Eg
bombards into a solid (target) surface, it undergoes a series of collisions with the
target atoms, loses energy and gradually comes to rest in a certain depth inside the
target. In ion implantation, it is not the total distance R travelled by the ion that is of
interest but the projection of R normal to the surface (projected range R;). The
distance travelled between collisions and the amount of energy lost are random
processes. Hence all ions of a given type and incident energy do not have same

projected range. Instead there is a broad distribution in the depths to which each ion

can penetrate. The distribution in ranges is referred to as range straggling (AR;).

2.2. The energy-loss process

The energy loss of an energetic ion passing through a solid is due to th;a followings:
(a) Inelastic collisions with bound electrons of the target

(b) Elastic collisions with bound electrons of the target

(c) Inelastic collisions with nuclei: these lead to bremsstrahlung, nuclear excitation

or nuclear reactions

2 17
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Ion trajector/ Nuclear
collision

& 0
target atom
o @
projectile &)
Q O

Fig. 2.1 Schematic of ion stopping and energy-loss process
(After Feldman [5])

(d) Elastic collisions with nuclei, whereby part of the kinetic energy is transferred to

the target particles

(e) Cerenkov radiation, produced by particles passing through the medium faster

than the phase velocity of light

Usually effects of (b), (c) and (e) are much smaller than that of (a) and (d).

Therefore, for simplicity, the rate of energy loss is usually expressed as

dE

dE _dE| | dE
dx

(2.1)

¢

where the subscripts n and e denote nuclear elastic collisions and electron inelastic
collisions respectively. Nuclear collisions can involve large discrete energy losses
and significant angular deflection of the trajectory of the projectile (Fig. 2.1). This
process is responsible for the production of lattice disorder by the displacement of

the target atoms from their positions in the lattice. Electronic collisions involve much
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smaller energy losses per collision, negligible deflection of the ion trajectory, and
negligible lattice disorder.

The relative importance of the two energy-loss mechanisms depends very
much on the energy E and atomic number Z, of the projectile as shown in Fig. 2.2.
Nuclear stopping predominates for low E and high Z;, whereas electronic stopping
takes over for high E and low Z,. E; is the energy where the nuclear stopping power
is a maximum, E, is the energy where the electronic and nuclear stopping power are
equal, and Ej is the energy where the electronic stopping power is maximum. Typical

values for Co implanted into Ge are: E; ~ 100 keV, E; ~ 500 keV, E; ~ 100 MeV.

25
(dE/dx)e
=
S 20
o
Q
Q
3
®
2 15 -
w
17}
=)
|
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3 10 -
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£
oy
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0 T T T T T T T T
10" 102 10 10* 105 10 107 10% 10° 101
Energy (eV)

Fig. 2.2 Nuclear and electronic stopping power curve (After Feldman [5])
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2.3. Kinematics of binary elastic collision

Nuclear stopping is caused by a collision between two atoms, and can be well

described by classical kinematics. Consider the elastic head-on collision of two hard

spheres shown in Fig. 2.3. For an incident sphere of mass M, value of velocity and

energy are v and E, while the target sphere of mass M is at rest. After the collision,

the values of the velocities v, and v, and energies E, and E, of the projectile and

target sphere are determined by the scattering angle 6 and recoil angle ¢. Applying

the principles of conservation of energy (elastic collision) and conservation of

momentum parallel and perpendicular to the direction of incidence:
My =My +%M2v§
My =My, cosb +M,v,cos¢
0=Myv,sinf —M,v,sin¢

Solving the above equations, if M;<M,,

E _ (M%—Mfsin29)/2+M,cosG i
EO

M,+M,

Fig. 2.3 Schematic of binary elastic collision
(After Feldman [5])
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If M>Ma, there is a critical angle 0, representing the maximum angle through which

M, can be scattered. 0,, is found by

cos’0), =l—;1—2, 0<6, S% (2.6)
1

The energy ratio, is called the kinematic factor K. For 0=180° the energy E,

transferred to the target sphere is maximum and given by,

E, aM M,
. 2.7)
(Ml i MZ)Z

0 Imax
Strictly speaking, for ion-solid interaction, the projectile is under electrostatic force
from all the particles within the target solid. It will be a many-body interaction and
too complicated to be considered. However, the many-body interaction can be
simulated by considering the electrostatic force exists between the two colliding
atoms, and restricting the electrostatic force to be a central force, e.g. coulombic
potential multiplied by a screening function of r (radial axis). The equation of

motions of the atoms can be integrated to yield the scattering angle 6 for a given

incident energy E and impact parameter b.

2.4. Nuclear and Electronic Stopping

The nuclear energy-loss rate is the energy lost by a projectile due to elastic
collisions per unit length traveled in the target. The probability of a particle with

energy E while traveling a distance dx, which results in an energy loss bewteen T

and T+dT is given by

P(E,T)dT = Ndx

d‘(’i(E) dT 2.8)

-21-
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where T is the transfer energy to the target atom, N is the atomic density, do(E)/dT is
the differential energy-transfer cross-section. The average energy loss is obtained by

multiplying Eq. (2.8) by the transfer energy T and integrating over all possible

values,
(dE) = [TP(E.T)dT = Nax[ ™ T d(:z(rE ) ar (29)
dE T
| = N jr Tdo(E) (2.10)

where Ty, is the energy needed to displace an atom from its lattice site,
approximately 20-30 eV. Ty equals E; in Eq. (2.7).

Electronic energy-loss is caused by interaction with the electrons of the
target. Detailed modeling is very complex, but in the low-energy regime, the
stopping is similar to a viscous drag force and is proportional to the ion velocity v.

Lindhard and Scharff [6] proposed the following expression,

dE
dx

716
=l A% kN 2.11)
. (Z,2/3+Zz'/3) '

where ag is the Bohr radius. In the high energy regime, the energy-loss rate is given

by the Bethe’s formula [4].

2.5. Radiation Damage

When the projectile ion enters the target, it undergoes a series of collisions
with the target atoms. In these collisions, if sufficient energy is transferred to the
target atom, it will be displaced from its lattice position. This displacement threshold
is called the displacement energy, E,. If the transfer energy is less than Eg, the struck

atom undergoes large amplitude vibrations without leaving its lattice position. The
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transfer energy is quickly shared with nearest neighbours and dissipated as a
localised source of heat. The displacement energy depends on the direction of the
momentum of the target atom. The minimum displacement energy for germanium is
15 eV. The target atom that is displaced by the projectile is called primary knock-on
atoms or PKAs. The PKAs can in turn displace other target atoms, secondary knock-
on atoms, tertiary knock-on atoms, etc. This creates a cascade of atomic collisions as
shown in Fig. 2.4. This leads to a distribution of vacancies, interstitial atoms, and
other types of lattice disorder in the region around the ion track. As the number of
ions incident in the crystal increases, the individual cascade begins to overlap. At
some point, a heavily damaged layer is formed.

The average number of displaced atoms in a cascade produced by a PKA of
energy E is denoted by <Ny4(E)>, the damage function. The simplest calculation of
damage function is by the hard-sphere model of Kinchin and Pease (1995). By
correctly accounting for electronic stopping and using a realistic interatomic

potential, the Kinchin-Pease damage function is modified to

0 (forO < E < Ev)
(N,(E))=1 1 (for Bs <E < 2Ed/€) (2.12)
HE) (for 2Ed/€ < E < )
| 2E,

where V(E) is the amount of PKA energy not lost to electronic excitation and both

analytical theory and computer simulation suggest a value & near 0.8.
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/S)/ vacant site
primary

knock-on / \‘O

C{ v displayed atom

Fig. 2.4 Schematic of the formation of collision cascade by a PKA

projectile

2.6. Spikes

In the last section, how a collision cascade created by a PKA is described.
What happens if there is a cascade, which is of extra high density? A spike may
appear. It is a high-density cascade that possesses a limited volume in which the
majority of atoms are temporary in motion. Define A4, the mean free path, be the
average distance travelled by an energetic particle between displacement collisions
with target atoms. The probability of a projectile with energy E collide with a target
atom, transferring an energy greater than the displacement energy while traversing a
thickness dx, is given by,
P(E)= No(E)dx (2.13)
where N is the target atomic density, o(E) is the total collision cross-section. Putting
P(E)=1, dx replaced by A4, we get

1
No(E)

(2.14)

d p—

In intermediate energy regime and using power law approximation, A4 o< E'”.

<94 -



An Investigation of MEVVA implanted Ge by SPM, RBS and XRD

Therefore if the projectile energy decreases, the distance between collisions becomes
less, until A4 approaches the interatomic distance of the target atoms. That means a
new PKA is created at every lattice site along the ion trajectory. Now the cascade can
no longer be thought of as a collection of isolated vacancy and interstitial point
defects, but looks like a volume of material which is composed of a core of vacancies
surrounded by a shell of interstitial atoms (Fig. 2.5). It is generally referred to as a
displacement spike. It takes ~10™" s to form, of the order of a lattice vibration time.
When the displacement spike ends, all the displaced atoms have insufficient
energy to cause further displacement. Energy will be shared with the nearest
neighbours and dissipated as heat. After approximately 10?5, a state of dynamic
equilibrium may result and the vibration energy approximates a Maxwell-Boltzmann
distribution. Such period of lattice heating is referred as the thermal spike phase of

the collision cascade. For a Maxwell-Boltzmann distribution of heat, the temperature

is related to the mean deposited energy density <64> by,

3
(6,)= EkBT ©(2.15)

where kg is Boltzmann’s constant.
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Fig. 2.5 Schematic of a displacement spike (After Nastasi, 1996)

-25-



An Investigation of MEVVA implanted Ge by SPM, RBS and XRD

2.7. Topography of Ion Bombarded Surface

As a conclusion of the previous sections, we start by introducing the general
concept of what would happen if a projectile bombards a target. The origins of the
energy-loss are presented. Before we go deeper to look into the nuclear stopping, we
discuss the kinematics of binary elastic collision, which can demonstrate how the
nuclear elastic collision can be considered in a simplified way. Then we introduce
the concept of probability of scattering, which by integration can obtain the average
energy-loss by nuclear scattering when the projectile travels a distance dx. The
formula to calculate electronic energy-loss in the low-energy regime is also
presented. After considering the fate of the projectile, we look into the target and
discuss the origin of the collision cascade, and the formula to calculate the average
number of atoms displaced by one PKA. In reality, we should consider the
cumulative effects of many PKAs of different energies. When we consider the spatial
distribution of point defects as the PKA slows down and comes to rest, it leads to the
concept of a spike, including the displacement spike and the thermal spike.

After all these discussions, we are now in a position to climb up and have a
bigger picture about the implantation process. How would the implantation modify
the surface topography of a solid?

To answer this question, we start from considering what atc.>m fluxes are
going into and out of an element of the solid surface. A more detailed discussion can

be found in a review paper by Professor Wilson [7]. The various atom fluxes are

shown in Fig. 2.6.
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Fig. 2.6  Atom fluxes into and out of an element of solid

surface under the action of an ion beam (After Wilson, 1989)

(a) The incident ion beam - generally the ion beam is not uniform, and has an
imperfect collimation, A0, and spatial non-uniformity, Ax. Imperfect cdllimation
will affect the sputtering yield, S, at different area of the surface as sputtering
yield depends very much on the incident angle. Spatial non-uniformity will
contribute to non-uniform sputtering, as the incident fluxes are different at
different area. The projectiles will create collision cascade or even spike inside
the solid, which may generate craters on the surface as a result of surface
relaxation due to lattice stress created by segregation of the point defects in the
cascade.

(b) The sputtered flux — the treatment of many ion-bombardment-induced surface

erosions is based on the angular variation of sputtering. Sputtering is the removal
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of the near-surface atoms from the target by energetic particle bombardment.
There are two types of sputtering, physical sputtering and chemical sputtering.

The former describes the transfer of kinetic energy from the projectile to the
target atoms, which results in the ejection of atoms out of the target surface. The
latter is the implantation of an active atom, which lowers the surface binding
energy of the target and result in a dramatic increase in the sputtering yield.
Sputtering yield, S, is defined as the average number of sputtered target atoms
per incident atom. It has been predicted by Sigmund theory [8] on the basis of
nuclear energy mechanisms and the sharing of energy loss among the large
number of atoms, which are involved in the collision cascade. The Sigmund
theory also predicts the change of the sputtering yield as a function of the angle
of incidence, 6. When 0 increases, there is a greater chance that the cascade is
close to the surface, and more energy is deposited near the surface, therefore the
sputtering yield increases. At very high incident angle, projectiles may get
reflected from the target surface, as the momentum normal to the surface is not
great enough to penetrate the surface barrier. Therefore less energy is deposited
on the surface and the sputtering yield decreases. The sputtering yield thus
attends a peak at 0. = 60° ~ 80°. Because of anisotropy and channelling in a

single crystal, sputtering yield may attend more than one local peak for 0

scanning through 0° to 90° and may not increase monotonically. Stewart and
Thompson [9] suggested a simple 2-dimensional model to consider the
movement of inclined planes and their point of intersection under the sputtering
effect of ion beam. Assuming a smooth S(8) with one peak, 6., and ignoring

redeposition effect (to be discussed), ion beam bombards the inclined planes as
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shown in Fig. 2.7 in normal incidence. In Fig. 2.7(a), for 6 < 0., d’ > d as S(0) >
S(0°), more target atoms are sputtered out from the inclined plane, and the
inclined plane will apparently move towards the elevated side. However, in Fig
2.7(b), quite different situation arises because at the upper corner, a
microscopically small area must have the most favourable attack angle 6., this
gradually widens as it gets the highest sputtering yield until the whole slope has

changed to 6.

(a) ion beam

yd

(b) ion beam

Fig. 2.7 Schematic of the evolution of inclined planes under the action of

an ion beam, (a) 6 <0, (b) 6 > 6. (After Wilson, 1989)
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(c) Secondary fluxes — these can be subdivided into two types, including primary ion
reflection and sputtered atoms. The former occurs when the reflected ions lose
little energy and add to the erosion caused by the primary ion beam. The latter is
the sputtering created by the sputtered atoms. In general, the average energy of
the sputtered atoms is ~10 eV so too small to sputter the other atoms but their
energy imparts high sticking probability.

(d) Surface mass transport — the driving forces of surface atom transport are mainly
concentration gradient and chemical potentials. The former tends to produce a
more homogeneous surface. The latter leads to segregation, such as nucleation
and growth of a new phase.

(e) Surface energy — a third driving force for transportation, which occurs to
minimise surface energy by minimising surface area.

(f) Bulk mass transport — large point defects fluxes are created by ion bombardment.
These can lead to segregation and alters the surface binding energy. Voids may

be formed when the collision cascade density is very high.
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CHAPTER 3 EQUIPMENT REVIEWS

This Chapter serves as a brief introduction to the equipment and
characterisation methods used throughout the research. The mechanism, advantages
and limitations for each equipment will be briefly discussed. Detailed discussion
about the theoretical mechanism and applications can be found in the references

suggested in each session.

3.1, Metal Vapour Vacuum Arc Ion Source Implanter (MEVVA)

Ion implantation process is briefly described in Chapter 1. There are many
types of ion sources, such as hot-cathode, cold-cathode, high frequency,
duoplamatron and sputter sources. The ion source being used in our laboratory, the
metal vapour vacuum arc ion source, was first developed by Brown et al in Lawrence
Berkeley Laboratory in 1985 [43].

A schematic of the MEVVA ion source electrical configuration used in our
laboratory is shown in Fig. 3.1. The projectile material is put as the cathode. A small
motor drive is used to push the cathode forward at a constant step so as to
compensate the material loss during implantation. Therefore a constant flux can be
maintained. The main arc is initiated by a trigger spark discharge‘between the
cathode and the trigger electrode. The trigger voltage is in the form of a voltage pulse
with a fixed width of 1.2 ms, around 5 — 10 kV, at a variable frequency ranging from
1 — 25 Hz. Because of the high voltage pulse, cathode spots are formed on the

cathode surface, with a current density of rough order 10° A ¢m™, serving to vaporise

and ionise the cathode material within the spots [58].
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Fig. 3.1 Schematic of the source electrical configuration

(After I. G. Brown [58)])

The cathode spots act as regions of plasma generation from the solid surface. This
quasi-neutral plasma plumes away from the cathode toward the anode, and thus
completes the electrical circuit. The detailed process involved in the breakdown and
plasma growth of the metal vapour vacuum arc discharge has not yet been fully
understood.

The positive ions within the plasma are then accelerated by the electric field
produced by the extractor voltage, 60 kV. lons produced are multiply ionised, thus
contributing to different charge states for different elements. A suppresser voltage,
about -3 kV, is applied to prevents the flow of secondary electrons, created by the

ion beam bombarded onto the target surface, back across the gap and contributing to

the load of the extractor power supply.
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The implanting dose is determined by the time of implantation and the trigger
frequency. The higher the trigger frequency, the larger is the mean current density as
well as the dose. The target sample is put on a stainless steel holder with oil coiling
at the back. Temperature is monitored by a thermocouple touching the surface of the
sample. The temperature is also affected by the time of implantation and the trigger
frequency.

MEVVA ion source implanter is useful as high beam current density is
readily extracted from the ion source. In the case of forming a buried layer of the
projectile compound, high dose ion implantation (~10"7 ions cm™) is required. This
implies an implantation time of weeks or even months for conventional implanter,
comparing to half-day work by using MEVVA ion source implanter.

However, some limitations also exist. Multiple charge states are usually
created in the stage of plasma formation. This can complicate the experiment, as
different charges will possess different energy, say at an extraction voltage of 60 kV,
Co" ions possess 60 keV, Co** ions possess 120 keV. Another problem arises in
temperature measurement. The thermocouple itself is under constant implantation
and thus its properties keep changing. Moreover, the thermocouple measures the
average temperature over the whole sample, but not the instantaneous temperature
under the beam spot. Wittkower [60] suggested a formula to calculate the

instantaneous temperature rise under the beam spot:

2J,cos0 | kt
pC

T(s,t)-T(s)= (3.1)

P

where

T(s,t) = the “instantaneous” temperature of the sample surface under the beam spot

(°C)
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T(s) = the average temperature (°C)

Ji = the “instantaneous” power density of the ion beam (W cm™)

p = the density of the sample (gm cm™)

Cp = the specific heat (W s / gm °C)

t = the length of time the beam strikes that spot on the surface (s)

D. H. Zhu [61] suggested performing computer simulation to calculate the
instantaneous temperature by considering the thermal conduction equations. More

detailed discussion on the MEVVA ion source implanter can be found in the listed

review papers [62-70].

3.2. Atomic Force Microscopy (AFM)

The AFM provides the ability to acquire three-dimensional data with
angstrom resolution from conducting to non-conducting surfaces. Operationally, the
AFM relies on a piezoelectric tube scanner to produce a precise scan in the X-Y plan
with a lateral resolution of about 1 nm, while feedback is used to control the contact
force of a very sharp probe on the surface of the sample. The very sharp tip used for
the AFM probe is on the end of a flexible cantilever. Features on the sample cause
the cantilever to deflect as the sample moves under the tip. An optical sensing system
as shown in Fig. 3.2 monitors the deflection of the cantilever. The bear.n reflects off
the back of the cantilever onto a split photodiode. The differential signal from the
split photodiode provides a sensitive measure of the cantilever deflection. The
feedback signal controls the height of the piezoelectric scanner as the sample is
scanned. The height of the piezoelectric scanner relates directly to the topography of

the sample surface with a displacement as small as 10 A.
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Fig. 3.2 AFM optical sensing system (After Multimode™

SPM Instruction Manual, Digital Instruments)

Several forces typically contribute to the deflection of an AFM cantilever.
The force most commonly associated with AFM is an interatomic force, the van der
Waals force. The dependence of the van del Waals force upon the distance between
the tip and the sample is shown in Fig. 3.3. Two distance regimes are labelled: a) the
contact regime; and b) the non-contact regime.

In the contact regime, the cantilever is held less than a few angstroms from
the sample surface, and the interatomic force between the cantilever and the sample
is repulsive. In addition to the repulsive van der Waals force, a capillary force
exerted by the thin water layer often present in an ambient envirc;nment, and the
force exerted by the cantilever itself are also presented. The total force that the tips
exerts on the sample is the sum of the capillary plus cantilever forces, and must be
balanced by the repulsive van del Waals force for contact AFM. The magnitude of

the total force exerted on the sample varies from 10® N to the more typical operating

range of 107 to 10° N.
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Fig. 3.3 Interatomic force vs. distance curve (After

Introduction to SPM, Park Scientific Instruments)

In non-contact mode, or what we call the tapping mode, the spacing between
the tip and the sample is on the order of tens to hundreds of angstroms. The total
force between the tip and the sample is very low, generally about 10> N. In tapping
mode, the system vibrates a stiff cantilever near its resonant frequency (typically
from 100 to 400 kHz) with an amplitude of a few tens to hundreds of angstroms. The
force gradient, which is the derivative of the force versus distance curve shown in
Fig. 3.3, changes with tip-to-sample separation. The force gradient, dF, /9Z , acts to
modify the effective spring constant k of the cantilever according to k = k, +
JF, /9Z , where K, is the spring constant of an isolated cantilever. The resonant

frequency of the cantilever varies as the square root of its spring constant. Therefore,
changes in the root mean square (RMS) amplitude, phase or frequency of the
cantilever vibration can be used to reflect the changes in the tip-to-sample spacing,

hence sample topography.
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AFM has many advantages comparing to the conventional optical
microscopy, SEM or TEM [71]: little or no sample preparation; non-destructive in
nature; high flexibility in types of samples: insulators, semiconductors, and
conductors, transparent as well as opaque materials; high flexibility in operating
environment: in air, in liquid, in ultra-high vacuum, and at various temperatures;
three-dimensional quantitative nature of topographical data.

However, AFM also suffers from several limitations. One of these limitations
is its inability to distinguish among different atomic species. Another one is that the
topography measured reveals information about the vertical height of the sample
surface as well as some characteristics of the sample material itself. These material
characteristics include the rigidity, elasticity, and friction of the sample surface.
Moreover, AFM images are subject to some artifacts, known as tip convolution or tip
imaging. It means that every data point in an image represent a convolution of the
shape of the tip and the feature on the sample surface. The larger the tip size relative
to the surface feature of the sample, the larger the image distortion can be. More
detailed discussion about the theory and applications of AFM can be foﬁnd in the

listed references [72-75].

3.3. Rutherford Backscattering Spectrometry (RBS)

Backscattering spectrometry using ion beams with energies in the MeV range
has been used extensively for accurate determination of stoichiometry, areal density
and depth profile of impurities. Measurement of the number and energy distribution
of ions backscattered from atoms in the near surface region of target materials allows

identification of the atomic species and determination of the distribution as a

function of depth.
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Application of RBS to thin film analysis is illustrated in Fig. 3.4 for the ideal
case of a two-element (elements A and B) thin film of uniform composition (A;,B,
throughout the whole layer of thin film) on a low mass substrate. Projectiles,
typically “He™*, enter the surface of the target material, lose energy due to inelastic
electron stopping (refer to section 2.2), until they collide with the target atoms
elastically. After they have transferred part of their energy to the target atoms, they
are backscattered and lose energy again in the outward path due to inelastic electron
stopping. Energy analysis of the backscattered projectiles by the detection system
yields the backscattering spectrum displayed in the lower portion of Fig. 3.4 in the
form of counts per channel vs. channel number. The channel number is normally
linearly related to the backscattered ion energy, E,. Appearing in the spectrum is a
nearly flat-topped peak for each element present in the film. The peak widths are

caused by the energy loss of the projectiles in the target material.

2000
E; E}E,
.m‘ l ] v
g 1000
o
Q
L
0 L A 3 q 1 2
0 500

Channel number

Fig. 3.4 Basic backscattering spectrometry. Experimental geometry

(upper figure); Backscattering spectrum (lower figure) (After Handbook of
Modern lon Beam Materials Analysis [76])
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The film elements may be identified by measuring the energy at the high-

energy edge (E*| and E®)) of each peak. Referring to Eqn. (2.5),

kB _ (Mf—Mfsin29)1’2+Mlcose ]
E, M,+M,

(2.5)

where M;, M, are the masses of the projectile atom and target atom respectively. Eg
and E,; are the energies of the projectile before and after collision respectively. 6 is
the scattering angle. Substituting E*, and E® into E;, K, and Kg can be found, as
well as M and Mg as 0 is fixed for a given geometry. Energy loss in the inward and
outward paths is not taken into account, as the counts in the high-energy edge
correspond to backscatterings at the surface of the target material only.

The areal density, (Nt), in atoms per unit area, may be determined for each
element from knowledge of the detector solid angle €, the integrated peak count A
for Q incident projectiles, and the measured or calculated cross section 6(E,0) using

Acos6
=
0Qo(E,0)

(3.2)
where N is the atomic density (atoms per unit volume) and t is the ph‘ysica] film
thickness. Cross section is defined by the probability of an incident projectile being
backscattered per unit detector solid angle, per unit of areal density of target material.
Let Map = mMj + nMg be the molecular weight of the compound A;,B,, pas be the
film density, the number of atoms A and B per unit compound volume, N4 and Ny

respectively, are given by:

N = nlpABNn . NB = npABNU

(3.3)
! MA” MAB

where Ny is Avogadro’s number.
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The thickness t is calculated by:

L _(ND, _(ND),
NA NB

(3.4)

The average stoichiometric ratio for the compound may be calculated from Eqgn.

(3.3):

m N, Ao,(E0

n_N, _A0,(E0) 3.5)
) :

The principal strengths of RBS are: (a) it is an absolute method that does not
require the use of standards; (b) it is quick and easy; (c) it is frequently non-
destructive; (d) it may be used for depth profiling (with 10-30 nm depth resolution).

The technique’s principal weakness is that it is not good for trace-element
analysis. It has very poor sensitivity to light elements in or on heavy matrices, also it
is theoretically impossible to separate the signals coming from two elements with

similar mass and present in similar depth. More detailed discussion of RBS can be

found in the listed references [4,5,76].

3.4. X-ray Diffraction (XRD)

X-rays are electromagnetic radiation of exactly the same nature as light but of
very much shorter wavelength (X-rays: 0.5 — 2.5 A; visible light: 6000 A). X-ray are
produced when any electrically charged particle of sufficient kinetic energy is rapidly
decelerated. Therefore, when an X-ray beam encounters any electron, the electron
will be set into oscillatory motion about its mean position. Then the accelerating or
decelerating electron emits another electromagnetic wave. In this sense, an electron
is said to scatter x-rays, whereas the scattered beam is simply the beam radiated by

the electron under the action of the incident beam. For an atom, the scattered beam is
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the vector sum of the scattered beams of its electrons. Normally, the x-rays are

scattered in all directions.
Consider the case when an x-ray is scattered by a crystal [77]. Fig. 3.5 shows
a section of a crystal, its atoms arranged on a set of parallel planes A, B, C, D... and
spaced a distance d’ apart. Assume a beam of perfectly parallel, perfectly
monochromatic x-ray of wavelength A is incident on this crystal at an angle 6. Rays 1
and la strike atoms K and P in the first plane of atoms respectively, and are scattered
in all directions. Only in the direction 1’ and la’ are these scattered beams
completely in phase and reinforce each other. It is because the difference in their path
lengths:
QK - PR = PKcos6 - PKcosO = 0 (3.6)
Similar, the rays scattered by all the atoms in the same plane in the direction parallel
to 1" are in phase. This is true for all planes separately. For rays 1 and 2, scattered at

atoms K and L, the path difference for rays 1K1°, 2L.2":

ML + LN = d’sinf + d’sin6 = 2d’sinf (3.7)

1 X plane normal la’, 24’

3!

Fig. 3.5 Diffraction of x-rays by a crystal
(After Cullity [77])
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Scattered rays 1’ and 2’ will be completely in phase if

nA = 2d’sin® (3.8)
This is true for all other pairs of adjacent planes. Eqn (3.8) states the essential
condition, which must be met if constructive interference for the adjacent planes is to
occur. Therefore, for fixed value of A and d’, there may be several angles of
incidence 0, 0,, 0;... corresponding ton =1, 2, 3...

As a result, by tabulating all these angles and scan through them, d’ can be
accurately determined. The unknown crystal under investigation can thus be
identified.

X-ray diffraction is non-destructive in nature. Besides chemical
identification, particle size of very small crystals can also be obtained by measuring
the width of their diffraction curves and calculated by Scherrer formula. The x-ray

diffraction can also be used to find the stress, texture or quality of the crystal.
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CHAPTER 4

STUDY OF ION BEAM IMPLANTED GERMANIUM BY
ATOMIC FORCE MICROSCOPY AND RUTHERFORD
BACKSCATTERING SPECTROMETRY

4.1. Introduction

Ion bombardment of solids leads to dramatic and various changes in surface
morphology. Current understanding of the origin and evolution of these surface
structures is far from being complete [7]. Besides its own scientific interest in this
subject, it finds great technological importance in a number of contemporary
industrial applications and particularly in microelectronics where element
dimensions are continuously decreasing, and hence, geometry and precision
requirements become increasingly stringent.

Dating back to 1968, Parsons and Hoelke [10] has studied the features of the
damaged layer caused by 100 keV O ion implantation into Ge using ion c¢hannelling
and transmission electron microscopy (TEM). Since about 1975, there has been an
increasing interest in using these two techniques to obtain information about the
damaged region produced in individual cascades in Si and Ge [11-14].

In 1982, Professor Wilson studied the surface topograp-hy of self-ion
bombarded single-crystal germanium by high-resolution scanning electron
microscopy (SEM) [15]. He observed holes with 400 A mean separation appeared at
doses above 2 x 10" ions cm™ (ion energy 50 keV). These holes enlarged with
increasing dose and developed into a complex cellular structure. Starting from 1982

to 1985, Appleton et al. [16-18] using cross-sectional TEM, found that heavy ion

il
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irradiation created a morphological instability in the amorphous Ge which erupted to
form surface craters or columnar voids of 200-400 A in diameter, causing a large
expansion of the amorphous layer.

The development of scanning tunnelling microscopy (STM) has brought
about a unique opportunity to examine ion-bombardment-induced surface
morphology on a nanometer scale. In 1985, Feenstra and Oehrlein [19] reported a
STM study in high dose Ar-implanted Si. In 1988, Professor Wilson er al. [20-21],
presented the first observation of single ion impact on SiO,/ Si interfaces and galena
(PbS) by STM. Overlap of collision cascades were avoided by using low dose
implantation (~10"" ions cm™). They suggested that surface topography in the form
of craters be related to the cascade damage rather than to the removal of atoms by
sputtering. In 1989, Porte er al. [22] used air STM to observe single ion impact on
highly oriented pyroletic graphite (HOPG) surfaces. With the rapid development of
STM and related techniques in the last decade, various solid surfaces including
metal, semiconductors, bombarded by different ions at a wide range of energies,
doses, incidence angles and temperatures have been studied by scanhing probe
microscopy (SPM) [23-25].

In our laboratory, Dr. Y. J. Chen, had carried on the study of ion-
bombardment-induced surface morphology by STM and atomic force microscopy
(AFM) [26-29]. Very flat Ing2,Gag7sAs layers on GaAs(100) surfaces were
bombarded with low dose (10" ions cm?) As* and B* ions at 35 keV. AFM revealed
craters with average diameters of 14.6nm and 11.4nm for As* and B* respectively
[26]. He also irradiated HOPG surfaces by 1.8 MeV electrons and found out that for
near grazing incidence with a dose of 5 x 10'? & cm™, nm-hillocks were observed,

being attributed to the effects of single electron-carbon interactions in the top surface
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layers [27]. Another research done by Chen was implantation into Ge [28-29]. Epi-
ready Ge(111) surfaces were implanted with Co ions to doses of 10'® to 5x10'7 ions
c? at accelerating voltage of 40-70 kV. Cellular nanostructures were observed by
AFM. The variation of the root-mean-square roughness with ion dose, accelerating

voltage, and mean beam current density was presented.

In this chapter, we report the study of ion-bombardment-induced damage and
morphological development of germanium by Co-ion, C-ion and self-ion

implantation using atomic force microscopy (AFM), and Rutherford backscattering

spectroscopy (RBS).

4.2. Experiments

Chemomechanically polished n-type Ge(100) wafers with resistivity being
less than 0.4 Q-cm were used. The samples were loaded on a stainless steel sample
holder with oil cooling and the temperature is monitored by a thermocouple. The
implantation was carried out in a JYZ-8010W MEVVA ion source implanter in
normal incidence operating at an extraction voltage of 60kV, ion doses ranging from
6x10" to 6x10'” ions cm™. The implanter was operated in pulse mode with mean
current density being 15 pA cm™. Because of the multiple charges nature of
MEVVA, the particle flux corresponded to 34% Co*, 59% Co** and 7% Co’* for Co-
ion implantation, 100% C* for C-ion implantation, 60% Ge* and 40% Ge** for self-
ion implantation [30]. The maximum temperature recorded by the thermocouple and
the implantation time for each sample are shown in Table 4.1.

The AFM observations were made in air at room temperature by Digital

Instruments Nanoscope III, operating in the tapping mode. A slope correction to
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Table 4.1 Summary of temperature and implantation time of the Co-ion, C-ion and

self-ion as-implanted Ge samples

Bombarding Dose Max. Implant.
ion /ions cm™ Temp /°C Time/min
Co 6x10" 36 <l

1x10" 53 <1
6x10" 53 1

1x10' 60 2

6x10'° 98 13

1x10" 105 38

6x10" 110 289

C 1x10" 37 <1
6x10" 39 1

1x10'° 40 2

6x10' 65 15

1x10" 90 45

6x10" 105 315

Ge 110" 35 <1
6x10" 45 2

1x10' 77 2

6x10' 73 25

110" 100 48

1.8x10" 130 75
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compensate for tilt of the sample relative to the scanning plane was performed by
offline fitting a first order polynomial to the image and then subtracted it from the
image. The image was flattened further using a third order planefit to compensate for
the bowing of the piezo tube.

RBS random spectra with samples tilted at 7° and ion channelling spectra
were obtained by HV Tandetron Accelerator at a 170° scattering angle with 2.0 MeV

“He® particles.

4.3. Results and Discussion

43.1. AFM

Figure 4.1, 4.2 and 4.3 show the tapping mode AFM micrographs of the Co-
ion, C-ion and self-ion implanted Ge with different doses respectively. Note that the
scan area of Figure 4.1(a) to (c) is 800nm x 800nm, Figure 4.1(d) is 3um X 3um,
Figure 4.1(e) is Sum X Spm, and Figure 4.1(f) is 15um X 15um, in order to view the
overall structure more clearly. The scan area of Figure 4.2 is 400nm x 400nm, that of

Figure 4.3 is 800nm x 800nm.

For Co-ion implanted Ge samples, cellular nanostructures are seen starting
from a dose of 1x10" up to 110" ions cm™ (Fig. 4.1(a), (b) and (c)). The craters
increase in diameter and in depth with increasing dose. The mean vall;es of the crater
diameters and their standard deviations at various doses are given in Table 4.2. Each

value is calculated by counting more than 100 craters. For doses higher than 1x10'

2

ions cm™, craters are in irregular shape instead of circular, therefore the mean

diameter is not presented. The large standard deviation results from the statistical

nature of the collision process.
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Fig. 4.1 Tapping mode AFM micrographs of Co-ion implanted Ge at a dose of

(a) 1x10" ions cm™

(b) 6x10" ions cm™

(c) 1x10'° ions cm™
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(d) 6x10™ ions cm N

114.000 nx

(e) 1x10" ions cm™

(f) 6x10" jons cm™
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Fig. 4.2 Tapping mode AFM micrographs of C-ion implanted Ge at a dose of

(a) 1x10" ions cm™

2.200

(b) 1x10" ions cm™

(c) 1x10" ions cm™
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Fig. 4.3 Tapping mode AFM micrographs of self-ion implanted Ge at a dose of

(a) 1x10" ions cm™

(b) 1x10"® jons cm™

(c) 1x10" ions cm™
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Table 4.2 Mean diameter and standard deviation of craters observed

in various doses of Co-ion and self-ion implanted Ge

Co-ion self-ion
dose / ions cm™ Ix10"%  6x10"” 1x10'°  1x10" 6x10"  1x10'°
mean diameter / nm 1486 2259 2691 16.35 2435  29.19
standard deviation/nm  3.81 6.58 9.22 4.22 6.67 8.29

Complex porous structures are formed at a dosé of 6x10'® and 1x10"7 ions
cm? (Fig. 4.1(d) and (e)). At higher dose, 6x10'7 ions cm? (Fig. 4.1(f)), tall
protrusions in irregular shape are seen. C-ion implanted Ge samples do not show any
distinctive morphological features in the given doses. Small holes with increasing
density are observed with increasing doses (Fig. 4.2). Figure 4.3 reveals self-ion
implanted Ge samples showing a very similar trend and shape as that of Co-ion
implanted Ge samples. The mean values of the crater diameters and their standard
deviations at various doses are also given in Table 4.2. They are of comparable
values with the Co-ion implanted ones.

Similar cellular structures (Fig. 4.1(c)) are seen from samples prepared by
Chen using Co-ion implantation into Ge operating at an extraction voltage of 70kV
[28,29]. Our AFM micrographs obtained for self-ion implanted Ge are in good
agreement with that obtained by Professor Wilson [15] using high-resolution SEM
under comparable conditions. To further confirm the micrographs obtained by AFM,
high-resolution SEM (JOEL 6300F) micrographs, with the help of Dr. M. L. Yu from

HKUST, are observed on the samples prepared on a similar condition as our samples.
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They are shown in Fig. 4.4. From the plan view of Fig. 4.4(a), porous structure is
seen on the surface of the Ge sample. The mean diameter of the craters is 24.75nm
with a standard deviation of 9.50nm. The magnitude is comparable to that obtained

from the AFM micrographs given in Table 4.2.

1 BK'U;;*.%‘lGJ

A

- e

Fig. 4.4(a) Plan view high-resolution SEM micrograph of Co-ion implanted
Ge(111) at a dose of 5x10'® ions cm?, mean current density of 15 pA cm™ and

an extraction voltage of 70kV

83



An Investigation of MEVVA implanted Ge by SPM, RBS and XRD

A cross-section high-resolution SEM micrograph of the same sample is
shown in Fig. 4.4(b) showing a honeycombed structure extending to a depth around

304nm.

Fig. 4.4(b) Cross-section high-resolution SEM micrograph of Co-ion implanted

Ge(111) at a dose of 5%10'® ions cm™, mean current density of 15 pA cm™ and

an extraction voltage of 70kV
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The boundary between the bombarded and unbombarded area is shown below
in Fig. 4.5. The topography is typical of that observed for specimens where the mean
current density is 15 pA cm, and below a dose of 10" ions cm™. The density and
diameter of the craters are observed to decrease gradually across the boundary from
the bombarded side. It is as expected because of the imperfect collimation of the
incident beam, and bombardments made by the sputtered or reflected particles. The

boundary will not be clearly cut. However, because of the slope correction made to

compensate for tilt of the sample relative to the scanning plane and the bowing of the
piezo tube in using AFM, it is difficult to tell whether the bombarded area is in a

higher or lower level than the unbombarded one.

1.00 13.0 nm

. 0.75 6.5 nM

0.0 nM

0.25 Digital Instruments NanoScope

Scan size 1.000 pmM
Scan rate 0.7097 Hz
Number of samples 512
Image Data Height

Data scale 13.00 nM

Co/Ge, 6el5, 60kV, 0.5sA, TAFM, interface
c0615605.016

Fig. 4.5 Tapping mode AFM micrograph of Ge surface at the boundary between the

bombarded and unbombarded areas. Bombarded by Co-ion at a dose of 6x10" ions

cm™, mean current density of 15 pA cm™ and an extraction voltage of 60kV
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While the horizontal dimensions of the surface features are described by the
mean crater diameter and standard deviation, the variation in vertical dimensions are

indicated by the surface roughness. The root mean square (RMS) roughness is

defined by

n=l|

ms N _1

 [ge-a]

(4.1)

where Z, is the height measurement of pixel n (from a total of N pixels, and N=256 x
256 throughout the whole experiment), and Z is the arithmetical mean height. The

RMS roughness against dose of different samples is plotted below in Fig. 4.6.
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Fig. 46 RMS roughness vs dose of different samples. Dotted lines are

exponentially fitted curves as a guide to the eyes
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The RMS roughness of virgin Ge sample is < 0.1 nm. One can notice that the

larger the mass of the projectiles, the larger the RMS roughness of the bombarded

samples.
As revealed from the AFM micrographs of Co-implanted and C-implanted

samples (Fig. 4.1 and Fig. 4.2), the surface morphology of the bombarded samples

depends very much on the mass of the projectiles. However, potential phase
formation between the projectile and target atoms seems not playing an important
role as no appreciable difference is seen on the AFM micrographs between Co-
implanted and self-implanted samples (Fig. 4.1 and Fig. 4.3). This is as expected
because the implantation temperature is relatively low, less than 140°C (from Table
4.1), when compared with the activation energy of the corresponding phase
transformation. By conventional XRD measurement, no new phase had been formed
in Co-implanted and C-implanted samples, except at very high dose (6x10"7 ions cm’
%) of Co-implanted one. It will be discussed in more details in the next chapter when
high beam current density is considered.

It is suggested by Professor Wilson [20] that in low dose implantation, ~10"'
ions cm™?, when the number of craters is seen to have a 1:1 correlation with the
number of ion impacts, craters formation is due to imbalance point-defect
distribution in the cascade. When a projectile enters into a surface, it creates
vacancies along the trajectory, and interstitials around the vacancies (Fig. 4.7). As a

result, the centre of the cascade is rich in vacancies and the periphery is rich in

interstitials.
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(@) (b (©)

Fig. 4.7 Schematic illustration showing a) creation of vacancies and
interstitials, b) formation of vacancy clusters and interstitial planes, ¢) collapse
of the surface to fill in the vacancies forming a crater and raising of the

periphery due to extra planes. 0, vacancy; e, interstitials (After Wilson [20])

When the atoms rearrange themselves following the cascade, vacancy
clusters will collapse to form dislocation loops and interstitials will condense as extra
planes. Stress from these processes result in the sinking and raising of the surface and
a crater is formed. Others suggested a slightly different mechanism. When the energy
deposited by the projectile is high enough, a thermal spike will be induced leading to
a localised pressure exceeding the elastic limit of the solid. The maierial yields
plastically leaving a void.

When dose increases, morphology seen on the surface is caused by the
intersection of individual craters by the surface. As discussed in the section of
Background Theory, at least four phenomena [15] will further contribute to the
evolution of the cell structure: variation of the sputtering yield with the angle of
incidence, radiation damage swelling, enhancement of incident ion flux by reflection
from steep slopes, and redeposition of sputtered atoms on cell walls. However,
Appleton et al. [31] have shown that a free surface is not necessary for eruption of

the amorphous phase to form craters or large columnar voids. The craters are not
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initiated or amplified by a surface sputtering process. The rapid growth of voids into
large holes is suggested to due to plastic flow.
At this stage, it is impossible to discuss the formation mechanism in a
theoretical model. But still, we can have a closer look into the followings:
1. Can the surface morphology be created by the coalescence of smaller craters
during medium dose (10" - 10"® jon cm™) implantation?
2. How important is the thermal spike playing a role in the crater formation?
Referring back to the section of Background Theory, the average number of
displaced atoms in a cascade produced by a primary knock-on atom (PKA) of energy

E, given by the modified Kinchin-Pease displacement damage function:

0 (for0 < E < Eq)
(NJ(E)=1 1 (for Es < E < 2E/§) (2.12)
‘;ZLI;) (for 2Ed/E <E < o0)

where V(E) is the damage energy, that is the amount of energy lost to nuclear

excitation, E4 is the displacement energy, and both analytical theory aqd computer

simulation suggest a value & near 0.8.

To convert the above equation from the displaced target atoms produced by a

PKA to that produced by a projectile, we make the following simplifications:

1. Neglect the energy loss in electronic stopping of the projectile before it collides
with the target atom to produce a PKA. Therefore the energy of the projectile just
before collision is still equal to the incident energy, E,.

2. Assume there is only one collision between the projectile and the target atom. It

means that only one PKA is produced throughout the life of the projectile.
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Therefore we approximate the average number of displaced atoms produced by a
projectile:

, - K)E
<Nd(En)> = _év((lz% (4.2)
d

where K is the kinetic factor of the projectile. Another rigorous treatment is given in
the book written by Michael Nastasi [4]. The damage energy, V(E), is the energy that
loses in nuclear collisions only. As a projectile loses energy in both electronic and
nuclear collisions as it slows down inside the target. Only the latter process creates
lattice disorder around the ion track and is responsible for radiation damage effects.
Therefore, in considering the disorder created by the projectile, one must first
determine the partition of energy between electronic and nuclear process. Averback
et al. derived an expression for the ion damage energy using an integrodifferential
equation. An approximation of the damage energy in reduced energy notation can be

given as

v(e)=0.8¢ (fore <land Z ;... >5) (4.3)

where ¢€ is the reduced energy given by

g=—"1_ O 4.4)
M, +M, ZZe
0.8853a
Ay = 3 (4.5)

(Z|2/3 § 222/3)1/2

M, My, and Z,, Z, are the mass numbers and atomic numbers of the projectile and
target respectively. arg is the Thomas-Fermi screening length and a, is the Bohr
radius (0.053 nm). Taking Eg4 to be 15 eV, the minimum displacement energy for Ge
[32], and £=0.8, we can calculate the damage energy for each projectile by Eq. (4.3)-

(4.5), and then the average number of displaced atoms by Eq. (4.2). The number of
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displaced atoms for each projectile is also calculated by the Monte Carlo simulation

for comparison. They are given below in Table 4.3.

One can see that the Monte Carlo simulation fits quite well with the

calculated one in the Ge-ions and Co™ ions. In general, the calculated values

underestimate the average number of displayed atoms as we assume the nuclear

collision takes place only once in the life of the projectile. Taking the density of Ge

single-crystal to approximate the density of solid after implantation, and

approximating the cascade volume by a sphere, we can calculate the mean diameter

of the craters. They are shown in Table 4.4. The mean diameter measured from AFM

micrographs are also copied from Table 4.2 and put aside for comparison.

Table 4.3

Average number of displaced atoms produced by the projectile using

modified Kinchin-Pease displacement damage function and Monte Carlo Simulation

Calculated Monte Carlo Simulation
V((I-K)E,)  <N’4(Eo)> Displaced Projected Longitudinal ~ Transverse
/ keV atoms / range straggling straggling
ion Rp) /A <AX®>"/A  <AYD" /A

Co" 40 1067 1487 336 168 151
Co™ 73 1947 2747 618 290 264
Co™ 101 2693 2968 908 405 384
(B4 10 267 411 1122 442 546
Ge" 43 1147 1170 295 148 125
Ge** 80 2133 2196 539 254 217
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Table 4.4 Comparison among the mean diameter of single cascade calculated

by modified Kinchin-Pease displacement damage function and Monte Carlo

Simulation, and also the mean diameter of the craters observed in AFM

micrographs

Calculated

Monte Carlo

Simulation

Measured from

AFM micrographs

mean diameter of

mean diameter of

mean diameter / A

single cascade / A single cascade / A

Co* 17.9 20.0
Co* 21.9 24.6 148.6 — 269.1

Co™ 24.4 252
too small to be

Cr 11.3 13.0

measured

Ge* 18.4 18.5
163.5-291.9

Ge** 22.6 22.8

One can see that the mean diameters observed in the AFM micrographs are in

general one order of magnitude larger than that of the single cascade. Therefore, at

least, it is not contradictory that the craters seen on medium dose implanted surface

are created by the coalescence of smaller voids during the ion bombardment.

How important is the thermal spike in the crater formation? The mean energy

density deposited per atom, Op, in a collision cascade is an important quantity when

evaluating the potential consequences that spikes may have on the properties of a

solid. It has been shown [33] that collision cascade theory appreciably

underestimates the number of displaced atoms whenever Op is larger than a few
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tenths of an eV per atom. Moreover, when 0p exceeds the heat of fusion of the solid,

melting of the cascade volume may result and is suggested to be a possible reason for

the formation of the crater.

The mean energy density in an individual cascade of volume V.4, formed by

an energetic projectile of energy E, can be approximated by [4]:

_0.32v(E) _ 0.32v(E)
NV N&*V,

cas

6,

(4.6)

where V(E) is the damage energy as defined in Eq. (4.3). Assuming that the
distribution of the damage energy can be represented by a Gaussian distribution, the
amount of damage energy in one dimension, which will reside within +1 standard
deviation of the mean will be 68.27% of the total distribution. Thus, taking into
account all three dimensions, the fraction of the damage energy residing within *1
standard deviation of the mean will be (0.6827)° = 0.32. Therefore a factor of 0.32 is
added to the damage energy. N is the atomic density of the target. To calculate the

volume of individual cascade, we find the volume of the transport cascade, Vr, then

correct it by multiplying the correction factor, &°. We approximate the volume by a

sphere of the same volume. The radius of an equivalent sphere is given by

r=(ax?)"(ar?)"” 4.7)

V, = %”((sz)'”(uz)) ‘ 4.8)

where <AX*>" | <AY>>" are the longitudinal straggling and transverse straggling
obtained from Monte Carlo simulation. They are stated on Table 4.3 for reference. §
is found by looking up in the graph derived analytically by Sigmund er al. [4]: dgg =

0.6, dco = 0.5, 8¢ = 0.1. Referring back to the section of Background Theory, Eq.
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(2.15) can be used to calculate the corresponding temperature in absolute scale. The
mean energy densities and temperature calculated are given in Table 4.5.

From Table 4.5, the mean deposited energy density is less than a few tenths
of an eV per atom, so it eliminates the thermal spike contribution to the possibility of
underestimate of the mean diameter in single cascade shown in Table 4.4. The
corresponding temperatures in general do not exceed the heat of fusion of Ge. It,
therefore, is reasonable to assume that the thermal spike effect is not playing an

active role in crater formation in our experiment.

Table 4.5 Mean deposited energy density per atom and

the corresponding temperature in degree Celsius

mean deposited energy corresponding
density, Op / eV temperature / °C
Co* 0.1444 844
Co®* 0.0499 113
Co™* 0.0428 58
B33 0.1312 742
Ge' 0.1488 878
Ge®* 0.0535 141

4.3.2. RBS and ion channeling

Typical RBS and ion channeling spectra for the Co-ion implanted, C-ion

implanted and self-ion implanted Germanium samples are given in Fig. 4.8 (a), (b)

and (c) respectively.
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Fig. 4.8 RBS random (R) and ion channeling (C) spectra for, (a) Co-implanted,

(b) C-implanted, (c) self-implanted Ge samples at a dose of 1x10", 110" cm™
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The depth of the damaged layer and the Ymi» generally increase with
increasing dose in all ions implanted samples. Depth of damaged layer is defined by
the thickness counting from the surface up to the end of the back edge of the
channeling yield. This is as expected, since higher dose will induce more damages,
so decrease the crystallinity. Comparisons of depth of damaged layer and y, for
various doses and implanted ions are shown in Fig. 4.9 and Fig. 4.10. C-ion
implanted samples show a larger depth of damaged layer than that of Co-ion and
self-ion implanted samples in medium dose, then becomes smaller in higher dose
(around 6x10'® jons cm™). It is contradictory to the theoretical prediction as C-ion
has a smaller mass and size, it should penetrate deeper into the target even in the
higher dose cases. Deeper penetration is also obvious from the larger R, of C-ion
shown in Table 4.3. One possible explanation is that at higher dose, some of the
implanted C-ions exist as substitutional impurities viewing in the <100> axis. The
dissociation energy of the Ge-C bond is ~4.7 eV [34], compared to the ~2.8 eV
required to break a Ge-Ge bond. This supports the formation of substitutional carbon
in germanium. However, the Ge-C bond length in molecular compound ils about 1.9
A, much shorter than the 2.41 A long Ge-Ge bond. This implies that the strain field
around the substitutional carbon in germanium will be very large. A balance between
the energy gained in forming Ge-C bonds and the increase in strain erergy may make
the formation of substitutional carbon defect unfavourable [34]. Another possible
explanation is that because of the porous structure shown on the Co-ion and self-ion
implanted surfaces (Fig. 4.1 and Fig. 4.3), projectiles have less chance to get
bombarded, so can travel further. Therefore Co-ion and self-ion implanted samples

have a deeper depth of damaged layer than it would otherwise be for a flat surface.
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Fig. 49 Depth of damaged layer vs dose for the Germanium

samples implanted by different ions
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The depth of the honeycombed structure (Fig. 4.4(b)) observed by X-SEM is also

indicated for reference in Fig. 4.9.
As the mass of germanium and cobalt ions are so close, it is theoretically

impossible to separate their signals exactly from the RBS random spectrum. As a

result, the concentration profile of the cobalt ions cannot be obtained exactly. Other
techniques, such as XPS, have been employed, but the results have not yet been
generated upon the completion of this thesis. The fitting of the random spectra starts
from using the profile observed in Monte Carlo simulation. The software used is
RUMP [35]. The concentration profile suggested from Monte Carlo simulation is
shown in Fig. 4.11. The fitted spectrum is shown in Fig. 4.12. A dose of 1x10"" Co-
ions cm™ is taken as an example for spectrum fitting. As revealed in Fig. 4.12, more
‘materials’ present in the simulation than the random spectrum. This is not a problem
that can be solved by adjusting the simulation profile. Because if the pump, where
the simulation exceeds the random spectrum, is reduced by decreasing the cobalt

concentration, the corresponding increase in germanium concentration will add it

back.
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Graph of Co atomic conc. vs depth in Co implanted Ge, dose=1e17
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Fig. 4.11 Graph of Co-ion concentration profile calculated from Monte

Carlo simulation. A dose of 1x10"” ions cm™ is taken as an example
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Fig. 4.12 Simulation of RBS random spectrum using the concentration

profile obtained from Monte Carlo simulation

-69 -



An Investigation of MEVVA implanted Ge by SPM, RBS and XRD

Therefore the only way to fit the random spectrum exactly is by introducing
some impurities, such as carbon or oxygen, into the concentration profile to take up
the space (Fig. 4.13). However, in this case, the concentration profile will be
arbitrary, as the carbon and oxygen signals are too small to be distinguished when
they overlap with the germanium substrate signals. Other techniques need to be
employed to find out their concentrations. From Fig. 4.8(a) and (c), a surface yield
deficit exists in the random spectra. It can be noticed from the rounding of the
leading edge of the random spectra in the high dose samples. The surface yield
deficit exists even in the self-ion implanted samples. No such surface yield deficit
has been observed for the C-implanted samples. A throughout discussion of the

origin of such yield deficit is presented in the next chapter.

Fig. 4.13 Simulation of RBS random spectrum using a concentration

profile contained with carbon ions on the surface
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4.4, Conclusions

Cellular nanostructures were observed on both Co-implanted and self-
implanted samples, but not in C-implanted ones. This is attributed to the much
smaller mass and size of C-ions. Various mechanisms for crater formation are
discussed, with special attention paying to whether the larger crater can be created by
the coalescence of smaller craters in medium dose implantation (1015 ~ 10" jon cm
%), and also the importance of the thermal spike effect in crater formation. By using
Kinchin-Pease displacement damage function and Monte Carlo simulation, the mean
diameter of a single cascade can be approximated to be around 11 - 25 A, depending
on the particular charge of ions. The mean crater diameter observed from AFM
micrographs is an order of magnitude larger. Therefore, it is at least not contradictory
to the suggested crater formation mechanism. The mean energy deposited per atom,
Op, in a collision cascade is calculated to be around 0.05 — 0.15 eV, corresponding to
a temperature around 60 - 880°C, which is still below the heat of fusion of Ge.
Therefore the thermal spike effect may not be playing an active role in crater
formation in our experiment. lon channeling spectra for C-implanted samples show a
smaller depth of damaged layer than the Co-implanted and self-implanted samples in
higher dose implantation (6x10'® — 6x10'” ion cm™). It is suggested that because of
the porous complex structure shown on the Co-implanted and self-implanted
surfaces, projectiles get less chance to be bombarded, thus results in a deeper depth
of damaged layer than it would be for a flat surface. A surface yield deficit exists in
the random spectra of Co-implanted, and self-implanted samples which make it

impossible to fit the spectra without introducing impurities into the near surface
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region. A more throughout discussion about the origin of surface yield deficit will be

given in the next chapter.
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CHAPTER 5

lON BEAM SYNTHESISED COBALT GERMANIDE ALLOY
BY METAL VAPOUR VACUUM ARC IMPLANTATION

5.1. Introduction

Because of the increasing packing density and speed in the very large-scale
integrated circuits (VLSI), reducing the interconnection resistance has long been an
important issue. Metal silicides such as titanium disilicide (TiSi;) and cobalt
disilicide (CoSi,) have been studied extensively for this purpose due to their low
resistivity and good thermal stability [36-38].

In the last few years, Si,.xGe, alloy system has enjoyed a widespread interest
and proved to be useful in optoelectronics, high-speed switching applications and
other band gap engineered devices [39-40]. Many of these device structures require a
metal-Si, . Ge, Ohmic contact with low resistivity. Titanium germanide (TiGe;) and
cobalt germanide (CoGe;) have been shown to have a resistivity comparable to those
of the corresponding silicides [41-42]. The formation of cobalt germanide by
chemical vapor deposition, Co evaporation and rapid thermal annealing has been
reported [42].

With the development of the metal vapor vacuum arc (ME&/VA) ion source
implanter, invented by Brown et al. [43], metal ions with high current density can
readily be extracted. In this chapter, we report the formation of cobalt germanide by

direct Co-ion implantation into single crystal Ge(100).
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5.2. Experiments

The wafers used were chemomechanically polished n-type Ge(100) with less
than 0.4 Q cm resistivity. The substrate temperature is monitored by a thermocouple.
The implantation was carried out in a JYZ-8010W MEVVA ion source implanter in
normal incidence with an extraction voltage of 60kV, ion doses ranging from 6x10"
to 6x10'® ions cm™. The implanter was operated in pulse mode with mean current
density being either 15 or 210 pA cm™. Because of the multiple charges nature of
MEVVA, the particle flux corresponded to 34% Co*, 59% Co** and 7% Co™* [30].
The maximum temperature and the implantation time for each sample are shown in
Table 5.1. XRD measurements were conducted by a SIEMENS D5005 X-Ray
Diffractometer with a Cu Ko (1.540560A) source in a 6-20 configuration. AFM
observations were made in air at room temperature using Digital Instruments
Nanoscope II1, operating in the tapping mode. Offline image processing of first order

flattening and third order planefit were performed throughout. RBS random spectra
with samples tilted at 7° and ion channeling spectra were obtained by HV Tandetron

Accelerator at a 170° scattering angle with 2.0 MeV *He?* particles.

5.3. Results and Discussion

5.3.1. XRD

In the low mean current density (15 pA cm™) samples, no germanide can be
observed, until the dose comes up to 6x10"" ions cm? where CoiGe, [44] was

formed. The XRD spectra of three samples implanted by a high mean current density

(210 pA ¢m’) are shown in Fig 5.1.
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Table 5.1 Summary of temperature, implantation time and XRD results of

the Co as-implanted Ge samples

mean current Dose  Temp  Implant. XRD results
density / cm™ /°C  Time/min CosGe, CosGe; CoGe,
15 uAecm?  6x10™ 36 <1

1x10”® 53 <1
6x10”° 53 1
1x10" 60 2
6x10'° 98 13
1x10"7 105 38
6x10"7 110 289 4

210 pAem?  6x10° 93 <1 v v
1x10'* 107 <1 v v
6x10'° 150 3 v v
1x10"7 258 18 v v
6x10"7 360 30 v v
1x10"™ 430 46 v v &
6x10"™ 509 343 v v v
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Fig. 5.1 XRD spectra of Co implanted Ge at a condition of (a) 6x10" jons cm™,

210 pAcm™ (b) 6x10" ions em?, 210 pAem™ (c) 6x10" ions cm?, 210 pAcm™

Starting from a dose of 6x10" ions cm™ and up to 6x10'® ions cm (Fig. 5.1(a)) both
Co3Ge; and CosGe; were formed. By increasing the dose, CoGe, started to form. As
can be seen in Fig. 5.1(b), at a dose of 6x10"" ions cm™, no CosGe, is observed,
CosGe; still exists. More diffraction peaks of CoGe; are seen in the higher dose than
the lower one signaling a better crystallinity. When the dose was up to 1x10' ions
cm?, CosGe; reformed and more diffraction peaks of CosGe; can be observed at a
dose of 6x10'® ions cm™ (Fig. 5.1(c)). A summary of the XRD results is given in
Table 5.1. Therefore the sequence of phase formation of cobalt germanides is:
Co3Ge; — Cos3Ge,, CosGe; — CoszGe,, CoGe; — CozGe,, CoGe,, CosGes (5.1)
The results are readily expected by considering the beam heating effect and the

implantation time (Table 5.1) of each sample. Co3Ge, was formed in samples of
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6x10'" ions cm?, 15 pA cm? and 6x10" ions em?, 210 uA cm™. The dramatic
differences in dose and implantation time indicate the temperature of the reaction to
be the dominating factor for phase formation in the early stage. CosGe; formed at
6x10" jons cm?, 210 uA cm? and then transformed completely into CoGe, at
1x10" ions cm™ with temperature around 258°C. CosGe; reformed at higher dose
around 430°C. The temperatures of phase formation are comparable to that reported
before (CoGe;: 300°C, CosGes: 425°C) [42] where the samples were made by Co
evaporation and rapid thermal annealing.

The sequence of phase formation due to implantation has always been under
debate [45]. From a solely thermodynamic point of view, the phase with the most
negative heat of formation has the largest driving force and is therefore expected to
form first. As the values of the heat of formation of Co-Ge compound are not
available, we infer their relative values from the Co-Ge binary phase diagram
according to Li. [46]. Referring to the phase diagram given by M. Hansen ez al. [47]
(Fig. 5.2), the heat of formation of Co-Ge compounds in ascending order (most
negative on the left) is determined below:

Co3Ge; — CosGe; — CoGe; (5.2)

Comparing sequences (5.1) and (5.2), the first phase formed and the order of
formation of the other two phases match with that predicted by the thermodynamics.
It is suggested that more than one phase form at one time because forming a mixture
of these phases can lower the energy of such a non-equilibrium system. CosGe,
reformed at higher temperature because the thermodynamic factors no longer

dominate the whole reaction process. Kinetic constraints have to be taken into

consideration in the later stage.
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Fig. 5.2 Binary phase diagram of Co-Ge compound
(After M. Hansen et al. [47])

5.3.2. AFM

As dimensions are being scaled down, it is of interest to gain some idea of the
roughness introduced by implantation. Fig. 5.3 shows the tapping mode AFM
micrographs of the low and high mean current density samples. Note that the scan
area of Fig. 5.3(a) is 800nm X 800nm, while that of Fig. 5.3(b) is Sum X Sum in
order to view the overall structure more clearly. For the low mean current density
samples, cellular nanostructures are observed in the doses ranging from 6x10" to
6x10'° ions cm™. At a dose of 1x10' ions cm™ (Fig. 5.3(b)), a complex porous
structure is seen. The Digital software obtains the root mean square roughness (RMS
roughness) of each sample. For each sample, the standard deviation of the RMS
roughness of 4 micrographs is calculated and plotted as the error bar in Fig. 5.4. One

can see the RMS roughness follows quite well with an exponential function.
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Fig. 5.3 Tapping mode AFM micrographs of Co implanted Ge at a condition of

(a) 1x10'® ions cm™, 15 A cm‘z, 800nmx800nm

70.000 nm

500.00 nm
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(c) 1x10"%ions cm™, 210 UA cm’, lumx1pm

34.000 nm

240.00 nm
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For the high mean current density samples, completely different
morphologies are seen (Fig. 5.3(c) & 5.3(d)). Protrusions are formed on top of some
secondary features. The RMS roughness goes down first with increasing dose, then
goes up again, following quite well with a 3" order polynomial (Fig. 5.4). At doses
higher than 6x10'° cm’, the protrusions grew in diameter as well as in height. At
6x10'" cm?, the protrusions agglomerated and formed islands. We expect the
morphological difference between low and high mean current density samples be
mainly due to temperature. At high temperature, damage annealing, bulk and surface
diffusion are greatly enhanced. Therefore, there is enough energy for agglomeration,
columnar growth and island formation. Similar protrusions are also reported in

metal-Si system [48].

Fig. 54 RMS roughness vs dose for the low and high mean current

density samples
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5.3.3. RBS and Ion channeling

Typical RBS and ion channeling spectra for the low and high mean current

density samples are shown in Fig. 5.5(a) and 5.5(b), respectively.

100

° 6x10'5,15,random
= 6x10", 15, channel

80 Fi s 6x10", 15, random
v 6x10'7, 15, channel
BB

= )
4%
®
Co
0 | | | g : L_

. o 6x10", 210, random
(b) o 6x10", 210, channel

Normalized Yield

80 - . 6x10” 210, random
‘M,ﬁ@ 6x10", 210, channel
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Fig. 5.5 RBS and ion channeling spectra of Co implanted Ge at a
condition of (a) low mean current density, 6x10" jons cm?, 6x10' ions

cm?, (b) high mean current density, 6x10" ions cm™, 6x10'7 ions cm™
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As revealed in Fig. 5.5(a), in the low mean current density samples, for a dose

up to 6x10" ions cm, the random spectra do not show much difference from a

virgin crystal. Starting from 6x10'® jons cm™, a large yield deficit occurs in the near

surface region of the random spectra when compared with the virgin one. For those
random spectra with large yield deficit, when fitted by RUMP or DATAFURNACE

[16], show smaller counts in the near surface region than the simulated one. An

example is given in Chapter 4 (Fig. 4.12). The surface yield deficit may be due to:

(a) the stopping cross-section of the scattering particles with the presence of the
implanted Co atoms does not follow strictly the Bragg rule, which is the
assumption taken by the simulation software. Referring to previous XRD results,
no Co-Ge compound was formed until a dose of 6x10" ions cm?, 15 pA cm?>.
Therefore the changing of the stopping cross-section is merely due to the
presence of Co atoms, but not Co-Ge compound. However, this may not be the
full explanation as a similar yield deficit is seen in Ge self-ion implantation at
60kV, 1x10" cm?, 15 pAcm™ (Fig. 4.8(c)).

(b) contamination by impurities such as C and O due to the drasticaily increased
surface area as suggested by O. W. Holland et al. [50]. We therefore carried out
two non-Rutherford scattering experiments, including 3.04 MeV o-'°0 and 1.76
MeV p-"2C. The determined concentrations of C and O in the near surface region
are only comparable to the virgin one, so this reason may not apply in our data.

(c) decrease of density of Ge in the near surface region due to the dramatic cellular
and porous structures as shown in the previous AFM micrographs. Moreover, the
very rough surface will provide different energy-loss path for the particles even

when they are scattered at the same depth from the surface. The effect of path
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difference is the rounding of the leading edge of the random spectrum as the
yields that originally count in one channel are now spread over the neighbours.

A concrete support for explanation (c) is to incorporate the decrease of Ge
density into the simulation profile. To simplify our analysis, Ge self-implanted
samples are used. This can avoid the uncertainty in separating the cobalt signals from
the germanium signals in the case of Co-implanted samples. Fig. 5.6 as shown is the
printout from AFM software. The sample is Ge self-ion implanted at 60kV, at a dose
of 6x10'® ions cm, and a mean current density of 15uAcm™. The upper left corner
gives the AFM picture. A very rough and porous surface can be seen. The middle
shows the height distribution histogram. Zero depth means the highest point in the
picture and is counted downwards. A nearly Gaussian distribution is observed. The
graph on the right shows the integration of the histogram. It gives the area occupied
by the sample material at a given depth. Using this information, a depth profile of
germanium atomic fraction is constructed as below. The front part of the profile is
cut as these data may be due to noise. The simulated spectrum with this profile fits

very well with the experimental one (Fig. 5.7).

100%
83%
Ge atomic
fraction
20.5%
0%

<

b >
877 A 730 A
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Fig. 5.6 Bearing analysis of self-implanted germanium sample, 6x10'° ions
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Fig. 5.7 Simulation of RBS random spectrum taking

into account of the decrease of Ge density

The channeling spectra show that the thickness of the damaged layer (Fig.
5.8) increases with increasing dose. The thickness is counted from the surface up to
the end of the back edge of the channeling yield. The thickness of tl}e damaged layer
applies only to the low mean current density samples. For the high mean current
density samples, though the random spectra are similar, their channeling spectra
show a much smaller i, (Fig. 5.8), indicating a higher degree of crystallinity, and

no specific damaged layer can be seen. This is attributed to the higher self-annealing

temperature.
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5.4. Conclusions

Cobalt germanides can be formed directly by high mean current density Co-
ion implantation without postannealing. Because the high mean cmirrent density can
readily produce the high temperatures required for the formation of various phases.
MEVVA ion source implantation provides a possible manufacturing technique
requiring only one single step. From XRD, Co3Ge,, CosGe; and CoGe, were formed
in the as-implanted samples. The first phase formed and the order of formation of

various phases follow that predicted by thermodynamics, although more than one
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phase may form in one time. Dramatic cellular and columnar nanostructures were
observed in the low and high mean current density samples respectively. RBS reveals
a yield deficit in the near surface region which may be attributed to the stopping
cross-section not following strictly the Bragg rule, or the decrease of Ge density due
to the cellular and porous structures. The coming studies aim at forming a layer

consisting of CoGe; only so that the lowest resistivity can be utilized.
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CHAPTER 6

TIP ARTIFACTS IN ATOMIC FORCE MICROSCOPE
IMAGING OF ION BOMBARDED NANOSTRUCTURES ON
GERMANIUM SURFACES

6.1. Introduction

The Atomic Force Microscope (AFM), developed in 1986 by Binning et al.,
has become a widely used tool for investigating surfaces with high spatial resolution.
Due to its large dynamical range, the AFM has been used to analyses surface and
interfaces on various levels ranging from atomic resolution to more technological
applications such as imaging nano-fabricated semiconductor structures.

However, one basic problem common to all scanning probe microscope
techniques is the finite shape of the tip, which will convolute with the sample
morphology to produce the image [51-53]. The amount of distortion depends on the
relative size of the features on the sample surface and the tip. K. L. Westra et al. [54]
suggested a criterion to judge whether the distortion of an AFM image is
undetectable by eye in viewing a columnar thin film. The criterion is base on the
ratio of radius of curvature of the sample surface feature and that of the tip. Others
suggested ways to direct image the tip shape by AFM itself [55], and after obtaining
the tip shape, how to deconvolute the real sample surface morphology [56].

In this chapter, we investigate the tip artifacts in the AFM images that we
have presented in the previous chapters. Some of the material in this chapter is taken

from a paper [57], in which the writer of this thesis is one of the authors.
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6.2. Experiments

Chemomechanically polished n-type Ge(100) wafers with resistivity being
less than 0.4 Q-cm were used. The implantation was carried out in a JYZ-8010W
MEVVA ion source implanter in normal incidence operating at an extraction voltage
of 60kV, ion doses ranging from 6x10' to 6x10'” ions cm™. The implanter was
operated in pulse mode with mean current density being 15 pA cm’. Because of the
multiple charges nature of MEVVA, the particle flux corresponded to 34% Co", 59%
Co** and 7% Co** for Co-ion implantation [30].

The AFM observations were made in air at room temperature using Digital
Instruments Nanoscope III, operating in both the contact mode and the tapping mode.
A slope correction to compensate for tilt of the sample relative to the scanning plane
was performed by offline fitting a first order polynomial to the image and then

subtracted it from the image. The image was flattened further using a third order

planefit to compensate for the bowing of the piezo tube.

6.3. Results and Discussion

Before tapping mode AFM has been used, contact mode AFM was being
used to capture the surface morphology of the implanted germanium samples.
However, severe distortion has been observed when compared with.the literature and
the SEM pictures (Fig. 4.4(a)). Contact mode AFM and tapping mode AFM
micrographs of the same sample are shown in Fig. 6.1 (a) and (b), respectively. The
granular structure shown on the contact mode AFM micrograph is due to the relative

large size of the tip used when compared with the dimension on the surface features.
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Fig. 6.1 (a) Contact mode AFM micrograph of Co-implanted Ge at a dose of
6x10'° jons cm™, ISpA cm’
55.0 nm

27.5 nM

0.0 nu

Digital Instruments NanoScope

Scan size 800.0 nm
Scan rate 0.6358 Hz
Number of samples 256
Image Data Height
Data scale 55.00 nm

Co/GeC100), 6el6, B60kV, 0.5mA, contact AFM
c0616605. 005

(b) Tapping mode AFM micrograph of Co-implanted Ge at a dose of 6x10'°
ions cm?, 1SpHA cm’
120.0 nm

60.0 nm

0.0 nM

Digital Instruments NanoScope

Scan size 800.0 nm
Scan rate 0,7016 Hz
Number of samples 256
Image Data Height
Data scale 120.0 nm

Co/Ge(100), 6el6, 60kV, 0.5mA, tapping AFM
co0616605,008

-9~



An Investigation of MEVVA implanted Ge by SPM, RBS and XRD

As suggested in the paper [57], a schematic is shown in Fig. 6.3 to explain the
origin of tip artifacts presented in Fig. 6.1(b). For the sake of simplicity, we assume
the AFM tip to be a conical tip with a radius of curvature, R, and the cellular surface
as consisting of a consecutive array of circular craters. The radius of the crater is r.
Crater walls are assumed to be thin and stiff, so that the interactions between the
surface and tip depend on the geometry only. As shown in Fig. 6.3(a), when the tip
size is much smaller than the crater size, R<<r, the tip tracks the surface features
relatively accurate. A cellular structure is revealed in the AFM micrograph having a
crater radius = r. The radii of curvature of the tip used in contact mode and tapping

mode are given in Fig. 6.2 (a) and (b) respectively.

(a) SisNy tip
e R=35+15nm

e 02>45°

(b) Si tip
e R=15+t5nm

e 0<30°

Fig. 6.2 Tip details in (a) contact mode AFM, (b) tapping mode AFM

-92.-



An Investigation of MEVVA implanted Ge by SPM, RBS and XRD

Conversely, if the tip size is comparable or larger than the crater size, R>r,
the AFM micrograph is not a representative of the real surface features. It is because
the point where the tip and the surface are in contact is not necessarily the apex or
area near apex of the tip. The crater radius observed from the tapping mode AFM as
shown in Table 4.2 ranges from 7.5nm — 13.5nm, from a dose of 1x10" to 1x10'
ions cm . The measured values are comparable to the tip radius. Therefore the actual
crater radius may be even larger than we have observed in the AFM micrographs.
However, the image distortion is minor as it is the measured values that are close to
the tip radius, not the real values. Moreover, the measured values are in good
agreement with that obtained from high resolution SEM (Fig. 4.4(a)), 12.4nm, for a
dose of 5x10' jons cm™. For higher dose, the dimension of surface features is
around a few tens to hundreds of nanometer, so the distortion is further less.

Deconvolution of the real surface morphology generally is a difficult task and
is done through computer simulation. One very simple way to gain an idea of the
lateral extension of the real surface morphology is to invert the AFM micrographs.
As shown in Fig. 6. 3(b), the radius of the craters in the inverted imége will still
preserve the original radius r, with a phase shift of r. Though the vertical height
information may not be available. An inverted image of Fig. 6.1(a) is shown in Fig.
6.4. The mean crater radius obtained from the inverted image is 64.87 nm with a
standard deviation of 14.19 nm, a bit bigger than that obtained from the tapping

mode AFM micrograph (Fig. 6.1(b)), which has a mean crater radius of 55.36 nm

with a standard deviation of 22.61 nm.
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Fig. 6.3 Schematic of AFM imaging of large and small crater

when compared with tip radius

(a) R<<r

AFM
image
surface

real surface

(b) R>r or R=r

AFM
image
surface

real surface

Inverted
AFM image

2r
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Fig. 6.4 An inverted image of Fig. 6.1 (a)

6.4. Conclusions

Contact-mode AFM was used to observe the nanostructures created on Ge
surfaces by Co-ion implantation in the previous experiments. It was demonstrated
that the appearance of a granular morphology obtained by contact mode is due to
severe image distortions when the tip size is larger than the mean crater diameter. For
images observed by tapping mode AFM, low to medium dose samples (up to 1x10'
ions ¢cm?) may upon to minor image distortions. These tip artifacts can be

deconvoluted by inverting the image and the lateral extension of the hole can be

reproduced with reasonable accuracy.
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CHAPTER 7 CONCLUSIONS

Conclusions drawn from the three projects are given below:

(1) Ion beam implanted germanium by various ion species has been studied
by atomic force microscopy, and Rutherford backscattering spectrometry. Cellular
nanostructures were observed on both Co-implanted and self-implanted samples, but
not in C-implanted ones. This is attributed to the much smaller mass and size of C-
ions. Various mechanisms for crater formation are discussed, with special attention
paying to whether the larger crater can be created by the coalescence of smaller
craters in medium dose implantation (10"> — 10'® ion cm™), and also the importance
of the thermal spike effect in crater formation. By using Kinchin-Pease displacement
damage function and Monte Carlo simulation, the mean diameter of a single cascade
can be approximated to be around 11 - 25 A, depending on the particular charge of
ions. The mean crater diameter observed from AFM micrographs is an order of
magnitude larger. Therefore, it is at least not contradictory to the suggested crater
formation mechanism. The mean energy deposited per atom, Op, in a collision
cascade is calculated to be around 0.05 — 0.15 eV, corresponding to a temperature
around 60 - 880°C, which is still below the heat of fusion of Ge. Therefore the
thermal spike effect may not be playing an active role in crater .formation in our
experiment. lon channeling spectra for C-implanted samples show a smaller depth of
damaged layer than the Co-implanted and self-implanted samples in higher dose
implantation (6x10'® - 6x10'” ion cm?). It is suggested that because of the porous
complex structure shown on the Co-implanted and self-implanted surfaces,
projectiles get less chance to be bombarded, thus results in a deeper depth of

damaged layer than it would be for a flat surface. A surface yield deficit exists in the
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random spectra of Co-implanted, and self-implanted samples which makes it
impossible to fit the spectra without introducing impurities into the near surface
region.

(2) Cobalt germanides can be formed directly by high mean current density
Co-ion implantation without postannealing. Because the high mean current density
can readily produce the high temperatures required for the formation of various
phases. MEVVA ion source implantation provides a possible manufacturing
technique requiring only one single step. From XRD, Cos;Ge,, CosGe; and CoGe,
were formed in the as-implanted samples. The first phase formed and the order of
formation of various phases follow that predicted by thermodynamics, although more
than one phase may form in one time. Dramatic cellular and columnar nanostructures
were observed in the low and high mean current density samples respectively. RBS
reveals a yield deficit in the near surface region which may be attributed to the
stopping cross-section not following strictly the Bragg rule, or the decrease of Ge
density due to the cellular and porous structures.

(3) Contact-mode AFM was used to observe the nanostructures created on Ge
surfaces by Co-ion implantation in the previous experiments. It was demonstrated
that the appearance of a granular morphology obtained by contact mode is due to
severe image distortions when the tip size is larger than the mean crater diameter. For
images observed by tapping mode AFM, low to medium dose samples (up to 1x10'®
ions ¢cm™?) may upon to minor image distortions. These tip artifacts can be

deconvoluted by inverting the image and the lateral extension of the hole can be

reproduced with reasonable accuracy.
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