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Abstract

Within this thesis ion beam techniques are applied to investigate the compositional
dependence of Sii«Gey alloys with respect to implanted Er lattice location in the crystal
structure, sputtering yield and modification of the superconducting properties of thin
aluminum films.

The Rutherford backscattering / channeling technique has been used to study the
compositional dependence and the effect of carbon co-doping on the thermal and
structural properties of unstrained Sii.«Gey (x=0.1-0.8) alloys implanted with Er* at 70 keV
to a fluence of the order of ~10"™cm2. The implantation of Er in the high temperature
regime (550°C) was found to lead to spontaneous recovery of the crystalline nature of the
host matrix and incorporation of Er atoms on regular lattice sites. Specific lattice positions
Er may occupy have been identified and were found to have a strong dependence on
both the alloy composition and co-implantation of carbon. Based on the channeling
analysis, an interpretation of the diverse Er occupancy in Si;xGex observed in our
experiments is proposed.

The compositional dependence of SiixGe, alloys on sputtering yield is found to be
nonlinear and is shown to be related to the alloying effect on the surface binding energies
of the alloy components. The yield is expressed by an equation derived from cascade
theory with additional terms dependent on the composition parameter x.

The superconducting properties of evaporated Al films on SiN and SiO, substrates were
effectively modified by ion implantation. The critical transition temperature, T, from the
normal to superconducting state was found to decrease gradually with implanted Fe dose
and appeared to depend strongly on the substrate. With Mn implantation it was noted that
the suppression is stronger as compared to Fe.

The T, suppression mechanisms due to Fe and Mn impurity interactions with Al matrix
were determined by comparison of experimental data with the Abrikosov Gor'kov (AG)
model. It is found that at low concentrations (< 0.1 at.%) Fe follows the AG model. As the
Fe dose is increased it is apparent that the impurity-host matrix interaction follows the
Friedel-Anderson (FA) model. The suppression mechanism of Mn impurities showed
typical features of the AG model at dilute concentrations but distinction between the AG

and FA models was not conclusive with the available measurement data.
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1. Introduction

In scientific research, ion beams have been intensively applied to nuclear and ion-beam
based material physics since the beginning of the 20™ century. The experiments of
Rutherford and his co-workers with thin films and alpha particles can be regarded as the
birth of material characterization by energetic ions."? These experiments showed that
energetic and relatively heavy alpha particles may be scattered backwards giving an
insight into the properties of matter.

Since the 1950’s ion-beam based material modification and analysis methods have been
available as tools for technological and theoretical purposes. Developments in the
semiconductor industry led technology to large-scale production lines of integrated
circuits that were first doped by diffusion and later increasingly with ion beams.?
Nowadays, ion-implantation based processes are applied to shallow- and ultra-shallow
(1-10 nm) depth scales with microelectronic devices making implantation related defects
more pronounced in their effect on device quality.*’ Also, the behavior of compound
material crystal structure (such as SiGe), under ion beam bombardment is generally
difficult to predict.® Basic experimental studies are required to obtain detailed knowledge
of the influence of the ion beam from the surface to the end of the ion range in the target.
The use of ion beams with metallic systems (such as Al, W and Sn) in low temperature
applications has gained new attention in device design and calibration.®' For instance,
devices commonly fabricated by electron-beam lithography designed to explore physical
phenomena occurring at small dimensions may benefit from ion-beam techniques with
respect to methods based on chemical equilibrium." Experiments may be performed on a
single sample with sequential ion implantation since the varying properties of different
samples commonly found in nm-scale devices can be avoided.

In the following, the application of ion beam methods for studying SiGe -alloys and Al thin
films is described. Both materials are important with respect to technological applications
and Al films have particular importance in scientific research (for instance in the
fabrication of measurement setups). lon beams offer different benefits and challenges
when applied to metals or semiconductors and therefore separate experimental
approaches for treatment of these materials are commonly needed.

The usage of SiGe is growing in commercial technology offering new products and viable
alternative material choices to the market. SiGe allows cost-effective solutions related to
high-performance integrated circuits and systems for wireless communication that span

frequencies from sub-GHz to 10?2 GHz. In an example of a recent development, Intel
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demonstrated up to 500 GHz operating frequency with a SiGe based circuit.'”> The
possibility of using SiGe with optoelectronics, MEMs and nanotechnology is being
extensively studied. As SiGe is just one step from Si, silicon technology with its highly-
developed arsenal of tools and well-established processing, is fully compatible with the
new schemes and design platforms in which the compound semiconductor and silicon
co-exist. By changing the alloy composition (and/or crystal lattice strain)'*'° the electrical
and optical properties can be modified at will (via so-called band gap engineering ') to
meet the requirements of a particular application.

For the last decade both photo- and electroluminescence from Er-doped silicon
structures including SiO,, SiGe and Si/SiGe hetero structures and quantum
nanostructures ' have been the focus of intensive research.??® As a matter of fact, it is
still not well known which lattice sites optically active erbium atoms can occupy in various
host matrices, and how other impurities that are known to cause dramatic changes in
erbium optical activity influence the lattice location.

Aluminum is a widely applied material, for instance in Coulomb blockage (CB) based
devices, due to the simple fabrication of aluminum oxide tunnel junctions. At low
temperatures the relatively high superconducting transition temperature T. = 1.14K of
aluminum may be detrimental to device operation as in CBT thermometry. The situation
is even more difficult as thin Al films and wires are used, which typically have even higher
T. temperatures (up to ~ 4 K). In general, superconductivity can be suppressed by
magnetic fields. The field can be generated by external magnets that may be too clumsy
for small scale applications or by using magnetic impurities. With aluminum there is a
difficulty to find a suitable impurity that is magnetic in Al and which does not disturb too
much the electrical or fabrication related properties of aluminum. Alternatively,
superconductivity can be altered by other mechanisms that are related to conduction-
electron interactions with the host matrix electron states. An example is pseudo-states
close to the Fermi level that are found to be formed in Al by certain transition metal
impurities, such as Fe and Mn. In the effect, the resulting increase in conduction electron
scattering reduces the possibility for a Cooper pair creation and consequently inhibits

superconductivity.



2. Purpose and Structure of This Study

This thesis is based on publications related to the study of two types of materials (Si+.xGex
alloys and Al films) that are modified and (or) characterized by ion beam methods. The
studies involving SiGe alloys consist of investigations of the structural and thermal
properties of Er implanted SiGe, Er lattice location in SiGe and sputtering of SiGe.
Secondly, the superconducting properties of ion-implanted Al thin films are investigated.
Motivation comes from the fact that SiGe incorporated with erbium has technological
potential for electro-optical connections in integrated circuits. The efficiency of Er
luminescence from the intra-4f (*li32 -*l1s2) transition®* in Si Gex depends on the Ge
concentration (x), the Er concentration, location®*? in the SiGe crystal and complexes
that are formed with other impurities such as C and 0.3*% Also, the annealing conditions
have a significant effect on the resulting Er sites and luminescence.?3* One aim of this
research is to determine how ion-implanted Er concentration and location depend on
composition (x) and co-implanted impurities that are important factors in optimization of
SiixGex:Er luminescence. In addition, the stability of the implanted Er distribution against
segregation or precipitation was studied.3***%%4 The concentration limit for precipitation
and thermal behavior of ion implanted Er atoms and crystal damage in SiGe is explored
in detail in related publications'3*42 Within this thesis attention is focused on Er site
analysis with the FLUX code (Chapters 4.2 and 6.1).

lon-beam induced surface erosion (sputtering) can be detrimental especially with low-
energy heavy ions. Though a relatively large amount of information has been collected
concerning various aspects of sputtering, as yet it is impossible to make a generalization
for compound semiconductors with the available theoretical models due to the lack of
data for different groups of semiconductors. It is known that very different phenomena
result from sputtering with InP and GaAs and generalizations as to what can be expected
with SiGe compounds can be very misleading.® Information about SiGe sputtering
available in the literature is quite scarce. Therefore, the sputtering rate dependence with
respect to composition x of Sii«Gex was measured with particular attention paid to the

material behavior under high-fluence low-energy ion-beam bombardment.



The purpose of Al film ion implantation was twofold. The first motivation was to study the
basic physics of superconductivity in low-dimensional metallic structures doped with
impurities. The second purpose was to apply ion-implantation for the suppression of
undesired superconductivity in aluminum widely used for fabrication of micro- and
nanodevices operated at low temperatures. Basic theories of superconductivity in the
presence of impurities are compared to experiments in order to distinguish the impurity —
Al-matrix interaction mechanism.

This thesis is structured in three parts: the first (chapters 3 and 4) introduces basic
theories of ion-solid interaction applied to experimental design and analysis; the second
(chapter 5) is a description of the experimental techniques and devices used in the
Drsted laboratory at NBI, Denmark, and at JYFL; and in the third part (chapters 6 and 7)
the experimental results and discussion are presented for SiGe alloys in chapter 6 and

for Al films in chapter 7.



3. lon-Solid Interactions

3.1 Stopping of Energetic lons in Solid

In the energy range from 1keV to 1MeV that is commonly used in ion beam based
materials physics, ions in solid lose their kinetic energy mainly through Coulombic
interactions. Energy is transferred to electrons of the solid and atomic nuclei in a
statistical process involving multiple elastic- and inelastic- ion-solid scattering events.
This energy loss is described by the stopping power, S, or stopping for short. lon
interactions with nuclei and electrons can, in practice be treated independently.
Therefore, the theoretical approach of calculating stopping powers is separated into
nuclear, S,, and electronic stopping, S.. In Fig.3.1, the stopping of Fe ions in Al with
respect to ion velocity and energy are presented. A rough division into electronic or
nuclear stopping energy regions can be done on the basis of the ion velocity. Electronic
stopping can be considered to be the primary interaction if the ion speed is of the order of
v ~VoZ??, where vy is the Bohr velocity. At this velocity the ion energy loss in the target is
much more efficient than in the nuclear stopping regime. Collisions of the ion with atomic
nuclei resulting in large angle scattering are rare and scattering due to electrons causes
only small local deviations to the ion path. Therefore, the ion path is relatively straight
until the ion speed is low enough to enter the nuclear stopping regime where the
probability for large-angle scattering from nuclei increases. The ion energy is then mainly
lost to recoiling host nuclei in binary collisions where the energy transferred can be large
enough to induce a collision cascade of atoms causing reordering and sputtering of the
solid atoms. An ion can be considered to be stopped when its energy is of the order of
the cohesive forces of the solid, some tens of eV, and diffusion mechanisms determine
the ion movement.®43-46

In the energy range commonly used for ion implantation, Lindhard-Scharff-Schigtt, LSS,
theory can be used.*” Several improvements to LSS theory have been presented,
including computer aided calculations and semi empirical formulations.*“¢ One important
improvement is extending knowledge with computer aided calculations of damage
accumulation and channeling effects in crystal solids in the energy range where nuclear
and electronic stopping can both be significant.

For the experiments to be described here, it is sufficient to restrict attention to low- and

medium-energy ranges that are defined here by the dominating the stopping mechanism.
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Figure 3.1. Nuclear and electronic stopping of Fe in Al calculated with the SRIM2003
program.* In the figure, v is the ion velocity and v, is the Bohr velocity. Basic theoretical
models of electronic stopping by Fermi, Ziegler-Biersack-Littmark (ZBL) —theory and the
Bethe model are presented with the corresponding approximate energy ranges to which
the theories are applicable.

3.2 lon Range in Solids

The statistical nature of ion scattering in solids leads to irregular ion tracks with varying
length. The average ion track length (total range, R,) in the solid is related to ion’s
stopping power, S = S(E) = S,+S. = -dE/dR and ion range R is:

o dR 0 1
(3.1) R—I%EEdE—I%—EGﬂdE

where E,is theinitial ion energy.
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For medium-energy ions the range is essentially determined by electronic stopping
because the contribution related to nuclear stopping is considerably smaller.**¢ At typical
implantation energies for medium- to heavy- mass ions both nuclear and electronic
stopping are important®® for the ion distribution and also for damage accumulation
estimations.

Simple analytic calculations may not be sufficient for shallow ion implantations
particularly if the target is a crystal. Additional effects on the depth distribution arise from
sputtering and from radiation enhanced diffusion with high implantation doses. In
practice, range and depth distributions estimations in amorphous solids can be accurately
calculated with the SRIM computer code. In Fig.3.2 experimental and calculated Er
distributions in SiGe are presented. Only a small shift of 2.5nm between the measured

and calculated data is observed that corresponds to sputtering due to the high fluence of
heavy Er atoms.
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Figure 3.2. Erbium distribution in amorphous Siy7sGeo2s implanted at an energy of
70keV. Rectangles are calculated by the SRIM code and dots are measured with 500keV
He ions by RBS.
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3.3 lon Beam Induced Structural Changes in Solids

Energy transfer from ions to electrons is not likely to cause changes in atom positions of
the solid. Rather, the interaction between ions and atomic nuclei leads to considerable
changes in the host atom positions, particularly at the end of ion range due to the
increased nuclear cross section of the slow ion. Atom movements changing the original
properties of the solid are referred here as damage if alteration is not intentionally
caused. A variety of unwanted or in some cases useful phenomena may occur with ion
solid interactions: implanted impurity atoms (especially with low miscibility) with host
atoms tend to precipitate or diffuse/segregate out to the target surface.” On the other
hand, materials with thin layers are likely to suffer from mixing.*"* Material surface
erosion, or sputtering, by energetic particles is a phenomenon which occurs frequently in
ion-beam based physics and the effect of sputtering on SiGe are examined in detail in
chapter 6.2.

In the sputtering process kinetic energy is transferred from the ion to target nuclei
causing primary ion-atom, secondary and higher order atom-atom displacements that are
referred to as collision cascades. When such cascades reach the surface layers of the
solid, atoms are ejected from the surface if the kinetic energy exceeds the binding energy
of surface atoms. The sputtering rate is directly proportional to ion dose and the effect is
stronger for ions having a large nuclear stopping cross section i.e. medium- to heavy-
mass ion at low energies. Targets consisting of small features tend to be smoothed by
sputtering, but, during high fluency implantation sputtering may change the surface
topography causing ripples for originally smooth surfaces.* In some cases (especially if
surface features have different sputtering properties than the substrate) more
pronounced features of structures may appear. In addition, compound targets usually
suffer from preferential sputtering that may change the surface composition and
topography significantly at relatively low fluencies.

In ion implantation sputtering is commonly the factor which limits the maximum attainable
dopant concentration even with fully miscible impurity-host combinations. Sputtering is
detectable from threshold energies of 5-40 eV depending on ion and solid, though the
energy range for physical sputtering can be regarded as beginning from approximately 50
eV. There is a maximum in sputtering yield, after which the yield decreases, typically at
the low energy range of the ion stopping. Sputtering does not vanish as the ion energy
increases, and the effect will be significant with high ion fluencies.® Although sputtering

causes irreversible damage to the solid it also offers a method for material
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characterization/modification for example in diffusion experiments with radiotracers.>®
Sigmund’s theory for linear collision cascades® is the most fundamental approach for
sputtering so far, but there is no single theoretical description for sputtering in general.
Therefore, the applied models are usually case-specific, as will be seen with the SiGe
experiments described in chapter 6. In practice, (especially with nonmetallic alloys) ion-
beam applications susceptible to sputtering damage need preliminary experimental
survey of erosion rates if corresponding data is not available.

Collision cascades reaching the surface are demonstrated in Fig.3.3 where gray areas
represent target atoms which have been displaced. In the calculation made with SRIM,
10 Er ion tracks have been followed and it is seen that only a few ions can induce a
significant number of host atom displacements, and collision cascades can reach the

surface.

T T T

Depth vs. Y-Axis

SR
e

[ Bt |

1
0A Target Depth 600 A

Figure 3.3. Collision cascades produced by 10 Er(70keV) ions at an incident angle of 0°

with respect to the surface normal of amorphous SiysGegs.

Crystalline targets are susceptible to structural damage due to ion-beam produced point
defects that eventually lead to crystal amorphization. For instance, the amorphization of
Si crystals by Ar or Si ions can be done with relatively low ion doses of 10" -10"
ions/cm?.%” Recovery of the crystal from point defects by annealing leads for to extended
defects®*®. Complete defect removal may require long annealing times at relatively high
temperatures.*”5” Moreover, the crystal recovery is generally not isotropic with respect to
the crystal axes. For instance, with Si the <100> direction recovers faster than the <111>

direction due to the different mobility of defects depending on crystal planes.*®
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In ion implantation, implanted ions (impurities), may diffuse faster via extended defects to
the solid interfaces or impurities can be trapped at defect sites leading to precipitation of
the implanted atoms.” In the recovery of an amorphized crystal, a re-crystallization front
may push impurities completely out of the host.°"®® Therefore, materials which are not
recoverable by simple annealing must be kept crystalline during the implantation. This

can be done, for instance, by keeping the target at an elevated temperature."
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4. Material Characterization and Modification by lon Beams

In the following, the purpose is to give insight into application of low- to medium- energy
range ion beams in a couple of commonly used techniques. Rutherford backscattering
(RBS) and ion channeling (RBS/C) are based on ion-target collision kinetics and energy
loss in the solid. These techniques can be used for characterization of the material
composition and structural properties. The range which can be probed is from the surface
to a depth of ym, depending on the target and ion beam properties. Relatively low
(typically 0.1 monolayer) impurity concentrations in lighter substrates can be resolved but
the depth resolution is typically limited to 10-20A due to energy straggling of ions in target
and semiconductor detectors (that have an additional problem related to signal noise).
Also, sputtering from surface imposes an additional limit for detecting low concentration
at shallow depths.#%4%8

A distinct characterization method is sectioning of the solid into thin layers, which can be
analyzed by alternative means. This sectioning can be performed by ion-beam induced
sputtering that is the ion beam counterpart of mechanical grinding analysis. The
radiotracer method can detect very small concentrations (108 cm2) with high depth of the

resolution order of 5-10A depending on the activity of tracer elements.*®
4.1 Rutherford Backscattering Spectroscopy (RBS)

Here attention is restricted to medium energy light ions, He in practice, that are suitable
for determination of heavy impurity atom depth distributions in a lighter substrate. The
Rutherford backscattering model is based on binary collision kinematics that defines the

energy transfer from the ion to target atom by a kinematic factor K:

(4.1) K = E _ (V_sz _ [mlcos(e)-i- \/m§ —mfsinz(e) ’

E v, m, +m,

1

In formula 4.1, E is the incident ion energy with mass ms The target atom mass is m,

(>m4) and the scattering angle of an ion with energy E; is 6.
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The scattering probability at a certain angle is given by the Rutherford cross section (cr)

that assumes an unscreened Coulombic interaction between ion Z, and target Z, atoms:

(4.2) _| 1 ZZ,e )
7#(%) [47‘(380 4Esin’ (%)

The kinematic factor enables characterization of different target atom masses and the
Rutherford cross section gives the relative probability of detecting backscattered ions
from a specific atom. This gives the possibility to determine the relative concentration of
material components. The applicable energy range for He ions is limited by electron
screening at low energies (~0.1 MeV) and by nuclear reactions at higher energies (> 2
MeV).#3445438 |n Fig. 3.2, RBS is applied in determination of the depth distribution of Er
implanted in SiGe, with the aid of 0.5 MeV He ions and the RUMP®' program that
converts a backscattered ion energy to a scattering depth giving the implanted impurity
distribution.

4.2 lon Channeling (RBS/C)

In 1912 Stark found®®® that crystal structure can alter the ion path in solids, and
predicted the effect of ion channeling along the crystals planes and channels. 4344586466
Confirmation of channeling was delayed until the 1950's when high intensity collimated
ion beams became available. Anomalous results of extended ion ranges in copper
crystals were measured, but an explanation for the phenomenon was not clear until
Barret found a similar effect in computer simulations. Soon, after experimental and
computational findings, channeling was formulated in the theory by Lindhard®”®® Lindhard
model gives good insight into the physical quantities governing channeling and most
theoretical development has concentrated on suitable potentials describing the
interaction between ion and atom rows and planes. Although quantum mechanical
models of channeling do exist, Monte Carlo simulations,® such as with the FLUX™ code
that is applied here, have proven to be practical in determination of the statistics related
to different ion paths in a crystal structure including implanted impurities, interfaces and
complex compositions.

The channeling phenomenon is based on highly correlated multiple small angle
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scattering events of an ion with the atom rows and planes of the crystal structure.
Collimated ion beam backscattering yield from a crystalline target is highly dependent on
the alignment between the crystal axis and the incident beam. A yield minimum occurs
when the ion beam is aligned within around one degree with the crystal axis. This is
shown in Fig.4.1. For a high quality single crystal, the minimum yield can be two orders of
magnitude lower than that from a non-channeling direction.

The channeling profile from a SixGeso crystal in Fig.4.1 is calculated as backscattering
yield with respect to the angle between the <111> crystal axis and the ion beam. The
scattering depth range of a 500keV He beam is 0-200A. The main physical
characteristics related to the profile are minimum yield xm» and halfangle w1, that are
specific to a particular crystal structure. It is also obvious that at certain angles the
scattering yield can be higher than the random level when the ion beam is efficiently
blocked by atom rows. Random yield is considered here as an average yield over the all

crystal alignments.

Figure 4.1. Calculated channeling profile for <111> direction in Si,cGego crystal.

There are more sophisticated formulations which take into account additional physical
properties of the crystal structure in more details. In general, for situations with crystal
alloys and modified structures, computational methods are proven to be practical as
complex calculations can be implemented in the programs.

The channeling yield is sensitive to crystal defects and impurities that project into the

crystal channels. By analyzing changes in profile between pure and implanted crystals it
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is possible to determine defect types or impurity sites®® 772 For unambiguous site
determination, projections from three different channeling directions are typically needed.
The FLUX code is designed for channeling analysis and the determination of several
impurity sites combinations with different relative concentrations is possible.”>”® In
Figs.4.2-4.4 the backscattering yield from host atoms and tetrahedral Er impurities in a
Sio75Geo2s crystal is calculated by FLUX. Tetrahedral sites are shadowed by the host
atoms from the <100> and <111> directions, which is seen as channeling dips for Er
atoms. Channeling dips from Er are narrower than those from the host atoms due to the
significantly larger radius of Er compared to Si and Ge. From the <110> direction a
pronounced backscattering peak due to Er is seen at middle of the channeling profile

implying that Er is positioned in the central area of the <100> channel.
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Figures 4.2, 4.3 and 4.4. Channeling profiles for <100>, <110> and <111> directions
from Si and Ge crystal atoms and Er impurity at a tetrahedral crystal lattice site.
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4.3 Sputtering

As shallow implantations are performed in smaller and smaller structures sputtering
effects become more pronounced and harmful. This is particularly true with compound
materials that are applied to technological component fabrication. On the other hand,
sputtering can be used as a characterization method that offers fundamental information
about the target surface properties. Therefore, there is an increasing demand for basic
research into material properties under ion beam bombardment.8435458.76.77

There are some advantages of ion beam assisted sputtering that are not given by other
methods. For instance, sputtering may give an accurate and controllable method for
surface cleaning and etching, when compared to reactive ion plasma etching. Sputtering
has been utilized in the radiotracer method for diffusion length measurements for fast
diffusing elements. One interesting and promising application of sputtering is to use it for
fabrication of nanoscale components e.g. nano-wires.

A detailed description of the sputtering phenomenon is still incomplete with compound
semiconductor materials which is due to a lack of experimental results (with the exception
of GaAs and InP). Testing and calibration of experimental conditions are needed to
create a suitable theoretical framework for a particular solid, because the extrapolation of
results from one solid to another can be misleading in spite of apparent similarities.

In the following, Sigmund's sputtering theory®® is applied as theoretical basis. The theory
states that if the conditions for linear collision cascades are fulfilled, the sputtering yield,
Y, is directly proportional to the energy density deposition from an incident ion to the solid
surface:

(4.3) Y= AF,(E)

where A is a material constant related to the substrate properties. The factor Fp is the

density of energy deposited at the surface by the projectile with primary energy E..

_0.042

4.4 4
(4.4) N,

Here N is the atomic density and U, is the surface binding energy of the target atoms.
This is represented for A..Bx compound material by a weighted average of the
constituents:
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(4.5) U, =0, (x): (l_x)UA +xUy

In this thesis the formulation is modified by using a different expression for U, in Eq.(4.5)
which is specifically deduced for SiGe "

(4.6) 1l _5 ay, j ), a, fj )
UO Unn U

nn

where ., (x) and U.,,*® are the atomic fractions of A and B atoms associated with
different nearest neighbors configurations and the corresponding effective surface
binding energies, respectively. Fitting parameters a,.*® are included to take into account
approximations within the model. The model calculations are compared to the
experimental SiGe results presented in chapter 6.2. It is found that the sputtering model
successful for SiGe is inherently different to the methods applied to InP and GaAs.
Generalization of particular model depends on the behavior of the compound under ion
beam rather than, for instance, similarity in crystal structure. The model suggested here
gives a new approach to deal with sputtering for compound materials that can in principle

also be modified for more complicated situations.
4.4 lon Implantation

lon implantation is a commonly used modification method in a wide range of present day
applications; fabrication of compound materials and in semiconductor doping for optical
or electrical property modifications. There is also increasing interest in ion implantation of
metallic systems that are used in low temperature applications.*344>

In the following, implanted ion doses are assumed to be those typical for material doping
within a depth range of 10-1000nm. The impurity dose is then typically less than 10'®
ions/cm?, corresponding to impurity concentration levels of less than a few percent.
Therefore, excessive sputtering of the host material is not expected and the impurities do
not change the properties of the implanted material significantly. This enables a simple
theoretical approach for impurity distribution estimations to be applied.

Implantation into amorphous or polycrystalline solids is generally more simple than with
single crystals, in which it is more difficult to have narrow, reproducible depth distributions
due to ion channeling. There are several ways to prevent deep tails in the impurity
distribution. One such method is pre-implantation by another element which introduces

defects that prevent the implanted impurities from traveling too deep. Implantation from a
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non-channeling direction may be efficient particularly if heavy ions are used.

Generally pre-amorphization using the material itself or a heavy noble gas is used to gain
better control over the impurity depth concentration. Amorphization also has its
drawbacks, as crystal recovery by thermal treatment is needed. This creates difficulties in
semiconductor component fabrication where small heat sums are needed to avoid
material interface and impurity mixing by diffusion. One tempting possibility to reduce the
need for long annealing times at high temperatures is implantation in the channeling
direction. For this, specific computational models to predict ion distributions and damage
levels are developed to render the method feasible for production purposes.

There is often a need to have a constant impurity distribution over a predefined range
with abrupt edges. Typically, the impurity distribution is close to Gaussian with some
degree of deformation such as skewness and tail. Sometimes other types of fitting

functions are needed to achieve a proper fit.”®
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For example, full coverage of Fe over a 250nm thick Al film is not possible with one
implantation energy. The resulting distribution could to some extend be smoothed by
diffusion but thermal treatment could cause additional complications.** Instead,
implantation with two energies of 80 and 225 keV and relative doses of 1 to 4.5 gives the
relatively even distribution shown in Fig.4.5.
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Figure 4.5. SRIM2003 code is used for estimation of resulting depth distribution of Fe in
Al when two implantation energies are used. Combined dose is 3.5*10" Fe/cm? resulting
~0.3% Fe concentrations from 500A to 2000A in Al.
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Metallic alloys can be realized by evaporating mixtures of alloy and impurities on a
substrate. The chemical properties of the substrate and evaporated mixture set
constraints on the resulting composition. Highly soluble mixtures are likely to be alloyed
on target surface in close to their original concentration and possible deviations can be
calibrated by suitable change in the original mixture. In general, impurities are not
particularly soluble and impurities may react with themselves or the target surface in such
a way that the impurity concentration changes within the evaporated layer in
uncontrollable way. Additionally, the evaporation process is vulnerable to small
environmental changes that can be seen as significant variation in the properties of
fabricated components. This is seen especially with small and thin structures and layers.

Difficulties related to evaporation can be avoided by sputter deposition that offers
controlled layer growth and more flexibility in material choices. If the deposited material
must have a high crystallinity, a more difficult situation is faced. Commonly there is little
or no room at all to compromise the environmental conditions that are needed for good
quality crystal formation. Introducing impurities at this stage may prevent crystallization or
impurities may be incorporated at too low concentrations. By ion implantation impurities
can be added after crystallization (even over the chemical solubility limit) but the problem

with crystal damage remains.

4.5 Superconductivity Suppression by Impurities

lon-implantation enables highly controllable sequential addition of impurities into the
material under study. This is essential in samples having small dimensions because their
properties usually vary due to sensitivity to small variations in the fabrication process.
These variations may hinder the response to concentration changes of the impurities if
alternative targets are used. This method was applied in Al-film implantation experiments
in which the impurity dose was varied and the change in superconducting critical
temperature T, was measured between sessions of ion implantations.

Interaction properties between impurities and the host matrix can be determined by the T,
response to impurity concentration. Non magnetic impurities described within the
Anderson model do not change T, significantly,” unlike magnetic impurities that may
suppress T, even at dilute concentration < 1% ® at which the impurities are considered to
be non-interacting. There is also a possibility that impurities start to interact with each
other ferromagnetically or antiferromagnetically at less dilute concentrations.®!

Antiferromagnetic interactions can be seen as non-monotonic behavior of T. with
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increased impurity dose (Fig.4.6). In Eq.(4.7) the dependence of T, on concentration and
the magnetic coupling parameter a is given.*® In the dilute limit Eq.(4.7) reduces to
Abrikosov and Gor’kov (AG) result with a = 0.%°

(47) In TF ZW(%)_\U %+%e”/£h 1+ ii )
TCO x, T X, Tv

c c

In the above, Ty is the critical temperature of the pure superconductor, x. is the critical
concentration at which superconductivity is completely suppressed, y is Euler-
Mascheroni constant =0.577 and y is the digamma function.

In metals, T. change is typically related to magnetic interaction of the impurity or resonant
states (virtual bound states, VBS) between the impurity (Fe) and the host Fermi level in
the Friedel-Anderson model. 8% |n the case of resonant states, T. suppression is due to
a reduction in Cooper pair creation probability and therefore, the suppression rate is not
usually abrupt compared to the magnetic pair-breaking mechanism. One exception is
non-magnetic but VBS/spin fluctuating Mn in Al%2%% which gives an initial T,

suppression rate even stronger than magnetic Gd in La.*
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Figure 4.6. Qualitative features of T, suppression in different interaction schemes.

26



5. Experimental Setups

5.1 lon Implanter at the @rsted Laboratory of the Niels Bohr Institute

The equipment used in implantation and channeling experiments in the Qrsted laboratory
was based on a 350keV heavy ion implanter (Fig.5.1). lonization was performed in a
Nielsen type ion source giving mainly singly-charged ions that are extracted into a first
acceleration stage and steered into quadrupole lenses into a 90° separating magnet.
After separation additional acceleration and focusing is possible. The ion beam is
homogenized by sweeper before the collimation stage and target chamber. A pressure of
107 mbar was maintained in the beam line by four turbo pumps supported with LN, cold
traps.

The target chamber was separated from the accelerator room by a feed through in a
insulating wall, which gives easy access to the chamber with the accelerator powered on.
The chamber was pumped by a turbo pump and an additional pressure drop was
provided by a cold trap assembled close to the target holder. The target holder in the
middle of the cylindrical chamber was attached to a six-axis goniometer enabling tilting
and rotation of the target. In-situ annealing up to 600°C was possible with a heater
attached to the goniometer. A Si detector, with a typical energy resolution of ~15keV,
was placed at the entrance of the chamber at a backscattering angle of 135°. Signals
from the Si detector were recorded by a computer-aided data acquisition system. lon
beam current in the beam line was monitored by movable Faraday cup and from the
target. A secondary electron suppressor was placed in front of the target holder and the
accuracy of the measured ion current with -300V suppressor bias is estimated to be
within 10%. The current was measured with a Keithley picoampere meter and a current
integrator giving data output to the data storage program running on a PC. The typical

ion-beam intensity with implantation experiments was 1mA cm.
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Figure 5.1. Technical drawing of the ion implanter at Orsted Laboratory of the Niels Bohr

institute.
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5.2 JYFL Materials Science UHV lon Beam Facility

lon beams for the UHV chamber are produced with the 6.4 GHz ECR ion source that is
capable of producing high charge states. lons can be generated from gases, solids in the
oven or by the MIVOC system. The ion beam is extracted from the source with voltages
of up to 20kV giving an available energy range from 10 to 500 keV depending on charge
state. The extracted beam is focused into a mass separating magnet, and beam is
delivered to UHV chamber through a sweeper and collimators (Fig.5.2). At the chamber
entrance a secondary electron suppressor is assembled in front of a 20 position target
holder carousel. A computer controlled 6-axis goniometer head is used to manipulate the
carousel placement and inclination with respect to the ion beam. The beam line
alignment from the exit of the separating magnet to target can be checked in situ by a
laser beam. The beam line is differentially pumped from 10 mbar at the ion source to
10®° mbar at the target chamber without additional heating or cold traps. Vacuum in the
target chamber is maintained by a turbo pump backed with a dry pre-pump. The ion-
beam current on the sample holder is measured with a Keithley picoampere meter and
beam integrator or alternatively through a data acquisition card on a PC. Available beam
currents range from 5uA to 500uA depending on the chosen ion and energy. lon charge
states +6 to +13 were used in the Fe and Mn implantation experiments. Also, some SiGe
implantations at room temperature with 70keV Er"™ were performed. The accuracy of the
current measurement is estimated to be better than 10% with the suppressor.

For sputtering experiments a “Tectra lonEtch” ECR source was connected to the ECR
chamber giving an energy range from 1 to 5 keV with ion beam intensities of 10 -
100pA/cm?. Nominal operational pressure in the ion source is of the order of 10°> mbar

and in the target chamber 10 mbar.
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Figure 5.2. Technical drawing of the UHV-chamber attached to the ECR ion sourc® at

JYFL Accelerator Laboratory.
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5.3 Cryostat for Tc measurements

A direct pumped Helium bath cryostat was used to cool Al films to the superconducting
state (Fig.5.3). The temperature range of the cryostat is from 4.15-0.95K with a
temperature stability of 0.1 mK. The critical transition temperature T, from the normal to
superconducting state was measured by the four probe method. For lower T,
measurements a °*He-*He dilution refrigerator capable of producing sub-100mK
temperatures was used. The measurement data was collected and plotted on a PC.

Vacuum pump

Au wire
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Figure 5.3. Measurement setup for T, measurements. The aluminum film is connected by
gold wires and In soldering to the sample holder contacts.
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6. Erbium implantation and Sputtering Yield of Si...Gex

6.1 Implanted Er Crystal Sites in Si1«Gex

SiixGex (x= 0.25 and 0.80) samples were implanted at 550+3 °C with 70 keV Er* ions at
fluencies in the range from 10" to 5-10"™ cm™. In order to examine the effect of carbon co-
doping on erbium redistribution and lattice modifications in a silicon germanium, a
Sio7sGeo2s sample was first amorphized. Then, the sample was implanted with 10" cm2 C
ions with the same depth distribution as the final implanted erbium. Implantation
conditions were similar for all the samples but the profiles in Fig.6.2 differ notably from
each other. Co-doping with C causes broadening of the Er distribution as it is seen in
figure 6.2a. This phenomenon is also reported to occur also with pure Si.** Channeling
profiles for Sio75Geo2s, Sio7sGe025:C, and Sip20Geos0 (Figs.6.3-6.5) were extracted from

RBS spectrum energy windows corresponding to a 40nm surface layer as shown in Fig

6.1.

RBS Counts

Figure 6.1." RBS spectra from Sio7sGeo2s implanted with 70keV Er* ions at 550°C to a

The energy windows indicated with dashed lines were used for

dose of 10"cm=.
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determination of the channeling properties in Figs.6.3-6.5.
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Figure 6.2 a-b." Depth distributions of Er implanted at 70 keV to a dose 10" cm™ at a

temperature of 550°C into Sio75Geo2s, Sio7sGeo25:C, and Sio20Geoso. Lines are given to

guide the eye.

Asymmetry seen in the angular curves for Sig75Geo25:C (Fig.6.4) and Sio20Geoso (Fig.6.5)
originates from slight misalignment of the crystal with respect to the scan orientation. The
angular curves for Er show various degrees of channeling for the <100> and <111>
directions with a strong backscattered flux peaking in the middle of the <110> channel.
The solid lines are simulated angular scans for Er. The distinct channeling properties with

respect to Ge concentration and C co-doping are related to different Er sites and site

occupancies.
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channeling measured in Si20Geg so.

The measured channeling profiles showed a significant degree of damage, especially in
the <111> crystal direction as seen from the high minimum yield. This tends to smooth
out the features of the profiles making identification of Er sites even more difficult than
with undamaged crystals.

For Er site identification the simulation code FLUX*™ was adapted for the SiGe lattice
(some details are given in Appendix A). Within the program, irradiation induced damage
was taken into account by introducing randomly distributed vacancies and using the
vibrational amplitudes of the matrix atoms as fitting parameters. Imperfections can be
dealt with to some extent by randomizing the lattice sites of host atoms with increased

vibration amplitude and added vacancies. An amorphous surface layer is a cause of
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additional beam divergence at crystal entry and this can be included in the simulation
parameters. Randomly distributed crystal damage was included in the calculations as
random background yield giving a rise to minimum yield by sifting up the minimum of the
channeling profile. The level of the random background depended on the crystal direction,
in accordance with different recovery rates of the crystal structure with respect to
orientation.®® Therefore, crystal damage is weighted with respect to the crystal direction
though the damage is assumed to be randomly distributed at each axial direction.

The variation of Er location around a crystal site due to a damaged crystal can be taken
into account by increased vibration amplitude in similar way as with the host atoms.
However, the theoretical models implemented in the program are meant for perfect
crystals and deviations from this condition must be carefully taken into account when
estimating the accuracy of results.

Simulated angular scans for axial channeling in Sig75G€o.25, Sio75G€025:C, and Sip20G€0.50
are presented for Er in Figs.6.3-6.5 by solid lines. The calculated curves are seen to be
in a good agreement with the experimental scans. Several Er sites (Figs. 6.6a-c."*” and
Appendix B) and combinations were simulated in order to obtain good correspondence
with the experimental data. It was found that the simulated profiles were very sensitive to
Er positions and concentrations. It was speculated that damage-related signal
smoothening might allow alternative configurations giving similar channeling profiles, but
this was not found reasonable good fits. A rough estimation of the accuracy of Er site
position is in the range 0.1-0.2 A, depending on crystal direction, as the largest variation
is typical for more damaged channels. Errors in the site occupancies given in table 1 are
estimated by apparent tolerance without loss of a proper fitting of the resulting profiles

with respect to a change of single site concentration.
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Figures 6.6a-c." Schematic projection of a silicon-germanium lattice onto the plane

perpendicular to the <110> direction. Various lattice sites are denoted showing the

location of Er atoms implanted into Sio75Geo2s (a), Sio7sGeoss co-doped with C (b), and

Sio20Geoso(C). Er atoms corresponding to different layers are presented by different size

symbols. See Appendix B for isometric views.
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Lattice site Sio.75Geo.25 Sio.75Ge€0.25:C Sio20Geo.s0
Ytterbium 601£5% 26+3% 301£3%
Tetrahedral 10£5% 12+3% 5+3%
Hexagonal - 19+3% 20£3%
Substitutional - 18+3% 40£3%
Split - 10+3% -
Random 30£5% 15+3% 5+3%

Table 1. Summary of Er lattice occupancies in Siy75Ge€g 25, Sio75G€025:C and Sip20Geo so.

There are several studies of implanted Er in pure and co-implanted Si and but very little
information is available on Er in Ge.?*2°30-3298-100 Ag the Er site in Si is strongly dependent
on defects and impurities, interpolation of the observed Er site behavior in SiGe (with
respect to annealing and impurities) must be done with caution. Having said this,
information from Si:Er experiments gives a good reference frame and provides insight
into possible Er configurations and related complexes in SiGe and their evolution with
respect to annealing.

In the case of Sio7sGeo2s regular Er-sites are mainly tetrahedral or (near tetrahedral) Y-
sites which are also found for pure Si.?#39321% |n pure Si, the hexagonal site is
theoretically assumed to be weakly bound® compared to T (and S) sites. However, there
are indications that in the presence of implanted Er, vacancies play an important role in
forming vacancy-Er complexes in hexagonal, H, sites.®® In effect, H sites in pure Si are
fed from random sites at annealing temperatures of 500-700°C that activates (end of
range) vacancy migration.'® Therefore, a significant number of H sites may also appear
at corresponding annealing temperatures in Sip7sGeo2s. This is due to the large random
fraction of Er (30%) and the noticeable number of defects left in the crystal as evidenced
by the high minimum yield (>10%) in the channeling profiles shown in Fig.6.3.

With Sio20Geoso, substitutional or S, sites are preferred. Though there are theoretical
suggestions that S sites can also be found in pure Si, in experiments S sites are rarely
found 303198100 A possible reason for the high occupancy of S sites may be related to the
larger lattice constant of the Ge rich crystal. In practice, the situation is likely to be more

complicated, requiring more specific theoretical calculations and related experiments. An
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interesting feature to observe is whether H site occupancy would change with respect to
T, Y and S —sites with additional annealing, as there is only a small random fraction to
feed the H site. This is important with respect to Er luminescence as it is speculated that
these sites may have very distinct luminescence efficiencies.

In the case of Sio7sGeozs co—implanted with C, most of the C is incorporated in the
Sio75Geo 25 lattice to form a Sio7sGeo2sC compound crystal.®31% Carbon co-implantation
incorporates Er to regular sites more than efficiently non C-implanted Sio7sGeozs. A
distinct feature of C co-implanted Si:Er is a significant number of substitutional sites. In
fact, site occupancy with Sio75Ge25C corresponds to what is observed with Sip20Gegso if
split (Sp) and S sites are grouped and the random fraction is increased. This may be
related to the increased space in the crystal lattice and different bonding configurations
around C in a similar manner as with Sio20Geos. The considerable fraction of Sp sites
located around substitutional sites may also be due to C-Er complex configuration in the
distorted Si,75Geg 25 lattice. There are indications that in pure Si, C-Er complexes are likely
to be formed in a hexagonal configuration and the occupancy of H sites depends on the
C concentration.®®'® The complexes formed are exceptionally stable with under
annealing.'® The saturation of H sites is found at ~1.5 C atoms with respect to Er atoms
and, it is therefore anticipated that the occupancy of H sites may also be increased also
in  Sip75Gep2sC  with additional C implantation but not with higher annealing
temperatures.'®

When considering the possible optical activity of detected sites luminescence
measurements are needed. Some speculations can be presented based on the findings
with Si:Er. High symmetry sites induce fewer transitions resulting in strong, well-
separated peaks. In contrast, low symmetry sites mean that the intensity is spread over
many transitions resulting in overlapping peaks of modest intensity.3*** Co-implantation of
impurities such as O and C has been found to prevent thermal quenching of Er
luminescence in Si and SiGe, and it has been proposed that C-Er (and O-Er) complexes
form optically active sites that are projected hexagonally oriented locations.?49-1%0

Both interstitial T sites and substitutional sites have stable cubic symmetry and should be
efficient luminescence centers. Distortions of T sites to Y sites may reduce luminescence
efficiency on the basis of reduced symmetry but confirmation by direct measurements is
needed. Carbon co-implantation of Si samples leads to Ge like configuration with
additional split sites. In this case the distortion may not affect luminescence because
carbon is strong a ligand forming C-Er complexes and the surrounding crystal symmetry

is not as important.?-%-%
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Therefore, it is speculated that S and T sites are most likely effective luminescence
centers (without impurity co-implantation). Split and Y sites are, in practice, shifted tetra
and S sites with lower symmetry that may posses reduced luminescence efficiency with
respect to T and S configurations. The lowest stability and luminescence efficiency is in
principle expected with hexagonal sites, though the situation is opposite if Er forms a
stable complex structure (e.g. during annealing) involving defects or, in particular,

impurities such as C and O.

6.2 Si;.xGex Sputtering Yield

The dependence of the sputtering yield with respect to composition of unstrained Si..Gex
(x=0-1) alloys is analyzed within the framework of the cascade theory and an
interpretation is proposed for the experimentally observed nonlinear composition
dependence of Sii.«Gex sputter yield. The yield can be expressed by an equation derived
from the cascade theory with additional terms dependent on the composition parameter
x. The linear cascade theory sets strict conditions on the material properties that should
be fulfilled in experiments. The solid must be in amorphous form that is expected to occur
with semiconductors after a critical fluence of 10'*-10" cm™.'" As the total fluencies used
were three orders of magnitude higher the targets can be considered to be amorphous
during the experiment without need for preamorphization. Therefore, it is assumed that
experimental artifacts due to the crystalline nature of the Si1«Gex samples do not have a
significant effect on sputtering yield and in general Sii..Gex can be treated thoroughly
within the cascade theory of sputtering.""10%1%

Samples were bombarded with a collimated 3 keV Ar* beam. To measure the total sputter
yield, the sputter crater was measured with a Tencor P15 profiler. As-sputtered samples
were analyzed with optical and scanning electron microscopes to ensure that no
significant surface topography developed after the high-fluence irradiation, which may
cause ambiguous results. The experimentally measured composition dependence of
SiixGex sputtering is presented in Fig.6.7. The sputter yield is shown as a function of Ge
concentration in the alloy. The experimental yields are compared with predictions of the

cascade theory applied to a binary Sii.«Gey target.

The theoretical sputter yield for Sii..Gex calculated from Eq.(4.3) as a function of Ge
concentration is shown in Fig.6.7 by the dashed curve. While the calculated yields for

elemental Si and Ge fit the experimental values very well, it is obvious that Eq.(4.3) fails
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to predict the experimental composition dependence of the sputter yield. Theory predicts
an almost linear dependence that is expected as all the terms of fraction x enter Eq.(4.5)
as weighted averages of the alloy constituents. The sputter yield of Sii«Ge, calculated
from Eq.(4.3) by using a new expression" Eq.(4.6) for U, is overlaid on the experimental
values of the composition dependence in Fig.6.7. The agreement between experimental
and theoretical values suggests that the nonlinear composition dependence of the alloy
sputter yield can be reliably predicted by the cascade theory over the entire composition

range provided that the surface binding energy term has the form of Eq.(4.6).
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Figure 6.7." Composition dependence of the sputter yield for Si;«Gex bombarded with 3
keV Ar* ions. Experimentally measured yields (shown by circles and squares)'® are
compared with theoretical values calculated from Eq.(4.3) with Uy in the form of Eq.(4.5)

(dashed curve) and Eq.(4.6) (solid curve).

The total sputter yield of Siy.xGex in the linear cascade regime was found to result in a
non-linear S-shape composition dependence for the sputter yield. It is shown that the
composition dependence can be calculated from the linear cascade theory using a simple
expression for the surface binding energy taking into account the alloying effect on
binding of atoms in the binary compound. The form of the expression implies that in a
polyatomic substrate the binding of atoms is determined to mostly by the identities of the

surrounding atoms.
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7. Modification of the Superconducting Properties of Al films by lon Implantation

In our experiments thin Al films were implanted with Fe and Mn ions in order to find out
how the superconducting properties of the metal can be modified at will. lon implantation
was employed as a non-equilibrium technique allowing virtually any species to be

introduced into any matrix regardless of their mutual solubility.

In Fig.7.1a-b, T, versus average concentration of the implanted impurity is shown for Al
films of different thicknesses and compared with theoretical predictions of the (AG)
model, and assuming impurity atoms interacting antiferromagnetically (AF). Before
implantation the transition temperatures turned out to fall into two groups corresponding
to different substrates. As-fabricated films grown on SiO,/Si and SiN/Si are seen in
Figs.7.1a-b to become superconducting between 1.4 K and 1.27 K, respectively.
Implantation with Mn into Al films grown on SiN/Si substrates leads to a substantially
stronger decrease of T, than the same concentration of implanted Fe. The thinner the film
the lower T, was for the same impurity concentration. The only exception was the 115 nm
film grown on SiN/Si in which T. was found to drop faster than in its thinner counterparts.
The origin of this artifact is not clear. The mean critical temperature T. was defined to be
half of the normal state resistance R, i.e R(T.) = ¥2R.. Error bars are equivalent to the
transition halfwidth from the normal to the superconducting state (Figs.7.2 and 7.3),
except for the points of 42nm AIMn. Here the cryostat limit of 0.95K was reached at
~0.1% Mn concentration, setting an upper limit of T, that is expected to be within the
range 0.45 K -0.90 K (shown as an error bar) . Estimation is needed because the *He*He
dilution refrigerator capable of going down to the mK range was not available for the
42nm Mn measurements. Lower limit is taken from literature'® of sputter deposited AIMn
film with Mn concentration of 1000ppm and upper limit coincides value of 72nm film with

Mn lower concentration.
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Figure 7.1 a)V"V. Critical temperature, T, of transition to superconducting state measured

in Al films grown on SiO,/Si substrates and subsequently implanted with Fe.
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in Al films grown on SiN/Si substrates and subsequently implanted with Fe and Mn.
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In order to find out whether impurities Fe and Mn can have distinct T. suppression
properties in thin Al film compared to dilute impurities in bulk the Abrikosov and Gor’kov
model (AG)¥ is applied as the reference model. The model is extendable to take account
of various types of magnetic interactions as shown by K. Maki and P. de Gennes.""°

In the dilute limit of low magnetic impurity concentration suppression of superconductivity
in Al films by Fe is qualitatively consistent with the AG model. The model predicts a linear
correspondence between impurity concentration and T. change. Critical temperature
suppression depends on both the impurity concentration and its interaction strength in the
host matrix. The T, versus concentration dependence predicted by the AG model and
assuming magnetic interactions between the Fe and Al atoms. (Eq.4.7 with a = 0) is
presented in Figs.7.1a-b (black lines). According to the model, there should be a critical
concentration at which transition to the superconducting state is no longer possible. By
applying the AG model to our experimental data the critical concentration of Fe in Al was
estimated to be around 0.72 at.%. In reality however, with increasing Fe concentration
interactions between the impurity atoms start to occur. This may lead to either an
increase or decrease in T, with increasing impurity concentration that would make
superconducting behavior of Al films more complex.®' Assuming antiferromagnetically
(AF) interacting Fe atoms (Eq.4.7 with a<0),° the T. concentration dependence was
calculated and shown in Fig.7.1a-b by gray lines. It is obvious that the experimental T,
behavior follows neither the AG nor AF models. AG theory predicts an overly strong
response to the impurity concentration in the dilute limit, whereas at high concentrations
there are no reasonable values of the antiferromagnetic coupling parameter a for Eq.4.7

that would allow even qualitative fitting of the experimental data.

Experimental data from Mn implantation (submitted for publication) in Al-films are
insufficient for a calculation within the AG model. A comparison to known experiments
shows that T, is suppressed at a faster rate with Mn than with Fe.?*'%""" |n experiments
conducted by Young it was shown that ion implantation with Mn is capable of strong T,
suppression ~15% in a 600A thick film at 0.05% concentration.™ Corresponding result of
same order of magnitude (30% suppression at 0.08% concentration) is found for Mn
implantation to 715A Al film (Fig.7.1b). On the other hand, a fast suppression down to
50mK with 0.3% Mn concentration has been measured for sputter deposited AlIMn
films."" Rough extrapolation of results from ion implanted 72nm Al films imply
suppression rate of same magnitude at ~0.5% concentration. The reason for the possible

slower suppression rate is that with ion implantation the impurity concentration is not as
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homogeneous as using sputter deposited films. After ion implantation low concentration

areas remain superconducting at higher temperatures.
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Figure 7.2.Y Normalized resistance with respect to temperature for pure and Mn
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It is known that transition metals do not exhibit a localized permanent magnetic moment
when incorporated into an Al matrix. However, doping with transition elements was
observed to result in significant T, suppression in bulk Al.®* From the theoretical study by
Friedel and Anderson®># it follows that mixing of resonant d-states of Fe incorporated into
Al matrix with Al Fermi states are responsible for T, suppression, and this seems to be

consistent with experiments of Boato and Ruggiero.3*%

The suppression mechanism of Mn in Al is likely to be different from Fe in Al because of
the strong response at low concentration.® However, it has been shown that Mn does not
possess a permanent magnetic moment that follows Curie-Weiss law in an Al matrix
making the AG model an unlikely choice to describe T. suppression.®® Classification of
Mn properties in Al has been controversial because it belongs to the VBS model due to
its transition metal properties, but the strong T. suppression effect and XPS
measurements''? imply that localized spin exists at least over a short time scale but
interpretation of these results are questioned by more resent theoretical calculations.®® In
neutron diffraction studies it has been shown that Mn possesses a magnetic moment but
it is compensated by surrounding antiferromagnetic electron cloud at low temperatures.®?
Therefore, Mn in Al matrix is considered to be a spin fluctuating system?® belonging to
the VBS model.

In summary, it has been shown that ion implantation of Fe and Mn into Al thin films can
be effectively used for modification of the Al superconductive properties. The critical
temperature of the transition to the superconducting state was found to decrease
gradually with implanted Fe concentration and it appeared to depend strongly on the
substrate type. It was found that suppression by Mn implantation is stronger compared to
Fe. At low concentrations of implanted ions, suppression of the critical temperature can
be described with reasonable accuracy by existing models AG and AF, while at
concentrations above 0.1 at. % a pronounced discrepancy between the models and

experiments is observed.
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8. Summary

The Rutherford backscattering / channeling technique combined with the FLUX code
revealed that specific lattice positions of implanted Er in SiGe depend on both the alloy
composition and co-implanted carbon. There is evidence that Er sites tend to occupy
interstitial T and Y sites in Si-rich samples. The number of substitutional and near
substitutional sites are increased with increasing Ge content and C co-implantation,
resulting in more diverse Er site occupancy than is usually found with Si crystals.
Therefore, variation of the composition x and co-doping may be used, with certain
reservations, in optimization of electro-optical devices. This requires further study that
involves optical activity measurements with respect to Er sites and co-implanted
impurities. Also, it is known that the Er location is also dependent on other environmental
parameters such as annealing that will make acquisition of predefined Er sites in SiGe a
delicate process.

lon beams in the low- and medium-energy range have been applied to a variety of
materials physics modification and characterization experiments. The dependence of
sputtering yield with respect to composition of unstrained SiixGex (x = 0-1) alloy was
successfully analyzed within the framework of the cascade theory with additional terms
dependent on the composition parameter x. The model presented suggests that bonding
of an atom depends on its neighborhood rather than the simple average bonding energy.
This information is crucial in the design of SiGe based MEMs and with shallow doping of

SiGe based electrical and optical devices.

lon implantation into thin Al films can be effectively used for modification of the metal
superconducting properties. The interaction between impurities and conduction electrons
can in principle be estimated or identified from the experiments. The implanted impurities
(Fe and Mn) have a different effect on T. suppression due to a distinct underlying
interaction mechanism. Neither Fe nor Mn is considered to possess a permanent
localized magnetic moment in Al, though Mn is commonly used as an effective T.
suppressor for various applications. It is also shown that the ion implantation based
sequential method enables a systematic study of low dimensional component property
change with respect to implanted ion dose. In this way, artifacts due to variation in
specimens (which is an important factor as the component size is scaled down) can be
avoided. More accurate results can be obtained and delicate changes can be observed

reliably.
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9. Appendix

A) An application of FLUX with SiGe

In the program different types of cross sections and screened potentials can be
implemented. For Sii.«Gex simulation Rutherford's stopping cross section was considered
to be accurate enough to describe the close encounter probability between 500keV He
ions and host atoms. The potential type for atom rows was selected to be ZBL universal
potential although Moliere and Hartree-Fock (HF) potentials were applicable too.

A comparison of the applied ZBL potential with the latest option of HF potential was
performed in order to investigate the effect of choice of potential for calculated channeling
profiles in Sio7sGeo2s and Sio20Geoso compound crystals. It is found that the results are
practically independent of the selected potential within the given error limits, table 1.
There is a small tendency that HF gives larger pi, values for Sig20Geoso and smaller
values for Sip75Geg2s. Correspondingly, Xmin Values are larger for Sip75Geo2s than for
Sio20Geoso. In a simplified geometrical interpretation, the minimum yield from Sio20Geos0
should be larger due to the larger area taken by Ge in a higher concentration. A reason
for this is that in simulation a dechanneled fraction is taken into account that is larger with
Sip75Geo .25 than with Sip 20Geg so.

In tables 2-4 a comparison of Xmin and W1, for simple analytical estimations, FLUX results
and experimental data is presented. The experimental data is from rather damaged
crystals due to Er implantation and does not give a perfect comparison point.
Nevertheless, simple averages from calculated® Si and Ge halfwidths wi,%° are
considered to be qualitative rather than accurate values specially if there is a nonlinear
dependence of halfwidth with respect to SiGe composition. A general tendency is that the
halfwidth in <110> direction is larger than the expected by the program for the perfect
crystal and on the other hand the <100> and <111> directions are somewhat smaller
than calculated ones, table 3. A reason might be that Er implanted SiGe crystal lattice is
deformed by opening the <110> channel and simultaneously closing the other main
channels. Carbon co-implantation may reduce this stress as is shown by the smaller

difference with calculated values in the <110> direction, table 4.
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However, good correspondence between experimental and simulated channeling profiles

from host atoms was acquired by using calculation parameters suitable to Er site

determination. Here a perfect crystal was assumed in the calculation and comparison

with results from a crystal that still includes damage (as is seen from high minimum

yields) is not expected to give good correspondence.

Hartree- Fock ZBL
Xmin Wiz Xmin Wiz

Sio.75Geo2s <100> 0.075 0.90° 0.075 0.93°
Sio.75Geo2s <110> 0.063 1.10° 0.063 1.11°
Sio75Geo2s <111> 0.067 0.97° 0.071 1.00°
Sio20Geos <100> 0.063 1.06° 0.065 1.04°
Sio20G€e0s0 <110> 0.050 1.31° 0.051 1.29°
Sio20Geos0 <111> 0.060 1.12° 0.061 1.12°
Uncertainty of value

determined from graph +0.002 +0.02° +0.002 +0.02°

Table 1. Comparison of HF and ZBL potentials applied to FLUX calculation of Sig75Geo.2s

and Sio20Geo.s0 minimum yields and halfwidths.

Xminflux Xmincalc Xmin®™® LIJ1/2ﬂu>< L|J1/20alc WY, 0P

+0.05 (Gelav./Si)
Ge <100> |0.063 0.04 0.16 1.06° 1.06%/1.00%0.77° 1.08°£0.05°
Ge <110> |0.050 0.07 0.14 1.31° 1.26%/1.199/0.93° 1.43° £0.10°
Ge <111> [0.060 0.05 0.35 1.12° 1.14%/1.080.84° 1.00° £0.10°

Table 2. Minimum yields and halfwidths from Ge within Sio20 Geoso crystal. Averaged

value from simple theoretical estimation (calc), value by FLUX code with HF potential

(flux) and experimental values estimated from channeling graphs (exp).
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Sio.75Geo.25 Kmin Kmin®2° Xmin"® W™ W1 (Gelav./Si) W™
+0.05 +0.05°
Ge <100> 0.075 0.03 0.21 0.90° 1.07%/0.86°/0.79° 0.80°
Ge <110> 0.065 0.05 0.17 1.10° 1.27°/1.02°/0.94° 1.37°
Ge <111> 0.067 0.04 0.40 0.97° 1.15°/0.92°/0.85° 0.86°

Table 3. Minimum yields and halfwidths from Ge component of Siy75Geg2s crystal by

simple calculation (calc), FLUX code (flux) and experimental values (exp).

Sip75Ge025:C Xmin™® XminCalc W12%®
+0.05
Ge <100> 0.27 0.1 0.81° +0.05°
Ge <110> 0.18 0.17 1.12° +0.10°
Ge <111> 0.40 0.13 0.81°+0.10°

Table 4. Minimum yields and halfwidths from Ge component of Sig7s Geg2s :C (co-

implanted with

carbon).
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B) Isometric Projections of Er Sites in SiGe

CQO

Figure 9.1. Tetrahedral
(T) (interstitial) -site.

Figure 9.3. Hexagonal (H) -site
in rhombohedral configuration.

o?,

Figure 9.2. Ytterbium (Y) -sites

(surrounding tetrahedral interstitial
site).

Figure 9.4. Split (Sp) -sites

(surrounding a substitutional
site).
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Figure 9.5. Isometric view in the <100> direction. Y-sites (shown white) surround dark T
sites inside polyhedrons. H-sites are close to polyhedrons in front of Y-site cluster shown

in medium grey.
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