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Materials processing by implantation of energetic ions into solid surfaces has been

applied in many fields of modern production technologies. For the last 40 years, ion

implantation became the key technology especially in semiconductor technology

for the production of ultra-large-scale integrated (ULSI) circuits, for example,

silicon processors and memory devices. The type and value of semiconductor

conductivity can be selected by the type and amount of implanted doping ions,

for example, implantation of boron, gallium, or indium ions for p-type doping and

of phosphorous, arsenic, or antimony ions for n-type doping of silicon. The

necessary dopant concentration to be implanted is below 0.1 at.%. On the other

hand by implanting high ion fluences, high impurity concentrations of tens of at.%

can be achieved giving the possibility to synthesize buried layers of compound

materials, for example SiO2 layers in Si by high fluence oxygen ion implantation.

The well-known relations between ion energy and ion penetration depth for all

important dopant–semiconductor combinations meet the demands of microelec-

tronic technology for introducing doping concentrations with an error smaller than

�1 %. Lateral doping homogeneities over large wafer areas with an error of ~1 %,

multiple implantation steps of different ions without significant interaction of the

introduced dopants are standard for the ion implantation technique. Ion implanta-

tion is the only doping technique for the fabrication of device structures with

dimensions in the nanometer range.

The knowledge of fundamentals of ion–solid interactions, mainly the penetra-

tion depth or ion depth distribution in the material as described in Chap. 2 is the

prerequisite for the application of ion implantation in materials processing.

4.1 Ion Irradiation Effects in Crystalline Materials

At ion irradiation of solids (mostly called ion implantation) energetic ions penetrate

into the material to a range R proportional to the ion energy E, whereas the

concentration of the introduced impurity atoms N is directly proportional to the

ion current density j or the ion fluence F. Due to magnetic ion mass separation
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the purity of introduced atoms is extremely high. Furthermore, impurity

concentrations above their solubility limit in the solid target can be easily achieved,

because ion implantation concerns a thermodynamic nonequilibrium process.

The shape and depth position N(x) can be adjusted by variation of the ion energy

and the incidence angle of the ion beam relative to the sample surface normal.

Usually the low target temperature prevents in-diffusion of disturbing other

impurities from the ambient. Doping by ion implantation causes structural changes

(radiation damage) which are especially important in crystalline targets (e.g.,

semiconductors), overlaying the doping process. Therefore, subsequent thermal

annealing of ion beam-induced crystal defects by re-crystallization of the crystal

lattice and the simultaneous electrical activation of impurity atoms (localization of

dopants on crystal lattice sites) is an integral part of ion implantation in many cases.

4.1.1 Depth Profiles and Ion Channeling

The ion distribution N(x) [see (2.26) in Chap. 2] normally distributed around Rp

drops by one, two, and five decades at the following depth values x, respectively,

NðxÞ ¼ 10�1 � Nmax at x ¼ Rp � 2 � DRp;

NðxÞ ¼ 10�2 � Nmax at x ¼ Rp � 3 � DRp;

NðxÞ ¼ 10�5 � Nmax at x ¼ Rp � 4:8 � DRp: (4.1)

The values x in (4.1) can be used for the estimation of necessary layer

thicknesses for implantation masking on patterned substrates.

The three-dimensional N(x, y, z) ion distribution including the transversal ion

straggling DRl for example at the edge of an implantation mask in the y-direction
can be approximated by simple Gaussian distributions, with two straggling

parameters DRp (longitudinal straggling) and DRl (lateral straggling).

The ratio of lateral and longitudinal ion straggling DRl/DRp has been determined

in [1]. For masks with perpendicular edges one has taken into account that there

exists a lateral straggling component underneath the mask but due to masking the

opposite component is missing. Therefore, the impurity concentration near to the

edge is lower compared to implanted areas which are far from the mask edge at least

by the lateral straggling DRl. Directly below the mask edge the concentration

amounts N(y) ¼ Nmax/2. For light ions the lateral straggling is slightly higher

compared to the longitudinal straggling. For heavy ions the lateral broadening of

the profile is nearly constant and the ratio DRl/DRp � 0.3–0.4 becomes constant. At

implantation in masking windows with small dimensions of <1 mm the lateral ion

straggling becomes more important and has to be taken into account. To minimize

DRl, the edges of the masking layer are often tapered rather than perfect steep, so

that ions are gradually prevented from entering the target.

In practice, Rp, DRp, and DRl are tabulated for most common impurities

implanted, for example, into Si, Ge, GaAs, SiO2, Si3N4, Al2O3, and photoresists
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as a function of ion energy and can be found in [2, 3]. Alternatively, N(x), Rp,

and DRp can be easily calculated using the well-known SRIM code (http://www.

srim.org) developed by Ziegler et al. [4].

The Gaussian approximation for N(x) represents the most simple approximation

for the description of the ion range distribution. This approximation to the profile is

good for lower energies, but is less correct of higher energies where the profile

becomes asymmetric or “skewed.” Nevertheless, the Gaussian profile approxima-

tion is very useful as a fit to experimental data for the profile near its peak. For

example, the peak value Nmax is mostly within 1 % of the measured value (except

for very shallow profiles).

The ion depth distribution N(x) can be characterized in terms of its moments,

where the projected range Rp is the normalized first moment and the standard

deviation DRp the second moment. Higher moments are the skewness g describing
the asymmetry of the distribution and the kurtosis ß indicating how flat the top

of the distribution is. A negative skewness means that the distribution is shifted

toward the surface, for example due to back scattering of light ions (e.g., B in Si).

This case is common for light ions at high energies. At positive skewness the

distribution is shifted away from the surface, for example due to ion channeling

[see (2.23) and (2.24) in Chap. 2] and which is common for heavy ions at low ion

energies. Several different distributions have been employed to give a more

accurate fit to the moments of an ion implant distribution than is possible using

one Gaussian. The most popular of these are the semi-Gaussian in the case of small

asymmetry of profiles (g < DRp), and the Pearson-IV distribution or dual Pearson-

IV distribution for amorphous and crystalline targets, respectively [5–10] in

the case of large asymmetries of implanted profiles. These semiempirical models

are based on both experimental data and physically based models with verified

accuracy.

Another approach which simulates ion implantation depth profiles is based on

Monte Carlo simulations using the formalism for the binary collision of primary

ion–target atom and secondary target–target atom collisions (see Chap. 2). The

Monte Carlo approach is used in the development of the physically based models,

and these models help to provide the theoretical foundation required in understanding

ion implantation, and in technology development and process control. In the case of

amorphous targets with only random ion scattering in the target, the SRIM code

(http://www.srim.org) and in the case of crystalline targets with possible ion

channeling in the crystal, the Crystal-TRIM code [11] are widely used. These two

Monte Carlo simulation codes calculate not only the as-implanted ion depth distribu-

tion N(x) but provide also the defect concentration and their distribution over depth.

The program Crystal-TRIM simulates ion implantation into single-crystalline targets

(e.g., Si, Ge, diamond) with up to ten amorphous overlayers of arbitrary composition

(with up to three components). The code can be used to calculate as-implanted range

and damage distributions as function of depth. Not only atomic ions but also

molecular ions (with up to three components) may be considered. Dynamic simula-

tion of ion-induced damage accumulation in single-crystalline substrates (including

the formation of amorphous layers) can be carried out.
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The applicability of Monte Carlo computer simulations codes based on the

binary collision approximation and mentioned before is limited in that they do

not account for the modification of the target composition during ion implantation,

target removal by sputtering, and target swelling. Thereby, reliable results can only

be expected for relatively low implantation fluences of F � 1 � 1016 cm�2. At

high fluences, a significant reordering of the lattice atoms due to collision sequences

may occur. This leads, for example, to a change of the local concentrations in

polyatomic or multilayered substances. Furthermore, the implanted ions may, at

sufficiently high concentration, play a significant role in the dissipation of collision

cascades. Based on the TRIM code the program TRIDYN developed by Möller and

Eckstein [12] simulates the dynamic change of thickness and/or composition of

multicomponent targets during high fluence ion implantation in amorphous targets.

Up to five different atomic species, including those of the ion beam, may be

considered. It is possible to use in the beam up to four different ion species with

different energies and angles of incidence. The initial target may consist of up to

four different species (up to five if some amount of a beam species is already

present in the target). Effects such as ion deposition and reflection, sputtering, and

ion mixing at interfaces can be computed. The main fields of application of

TRIDYN include high fluence ion implantation, ion beam synthesis, sputtering

and ion mixing of polyatomic solids, ion beam- or plasma-assisted deposition of

thin film, and ion beam- or plasma-assisted etching. An overview about the

development of different models for determining of ion implantation profiles and

the conditions under which they can be applied to provide useful predictions can be

found in [13].

In crystalline targets, for example semiconductor materials (Si, Ge, GaAs, SiC,

etc.), the ion range distribution can be significantly influenced by the ion channeling

effect as described in Chap. 2. Selected examples of as-implanted depth

distributions in dependence on the tilt angle and the rotation degree are shown in

Figs. 4.1 and 4.2. As demonstrated in these figures channeling effects are also

successfully simulated in a highly accurate manner by using, for example, the dual

Pearson model [14] and the Crystal-TRIM code [17] which are shown in Figs. 4.1

and 4.2, respectively.

Due to beam scan angle as and/or the wafer misscut and bow angles ab, the
incidence angle of ions relative to the surface normal can vary across the wafer in

the order of�1�. The resulting channeling variations cause the depth distribution to
vary across the wafer. As the extent of local channeling is difficult to control,

channeling must be further reduced by additional methods. Channeling does not

occur if there is significant implant damage that turns the implanted layer into an

amorphous one. Heavy ions such as P+ and As+ at large fluences do not show

channeling. Light ions and/or low dose implants are prone to channeling. In such

instances, channeling can be prevented by:

• Implanting through a thin amorphous layer (e.g., silicon oxide) to randomize the

directions of the ions as they enter the crystal lattice

• Using heavy ions, for example BF2 or heavier molecules rather than boron
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• Implanting heavy, but electrically inactive species, such as Si or Ge, prior to the

actual dopant implantation. The preimplantation turns the wafer surface into an

amorphous layer

These and other issues associated with ion channeling are described more in

detail in [18].

Fig. 4.1 Fit of the one-dimensional dual Pearson distribution (dotted line) to the experimental

boron profile measured by SIMS (solid line) [14]

Fig. 4.2 Range and damage distributions for 15 keV B+ implantations into (100)-Si, in the [15]

axial channel direction (a), for three different fluences: 1 � 1013 (bottom curves), 5 � 1014, and

8 � 1015 cm�2 (top curves). The corresponding profiles for tilted implants (b) are given for two

fluences: 5 � 1014 (bottom curves) and 8 � 1015 cm�2 (top curves). The SIMS data (continuous
lines, triangles, and squares) were taken from [16]. The histograms were obtained by Crystal-

TRIM simulations [17]. The damage profiles, given by the damage probability multiplied by the

atomic density of Si, are shown by dashed and dotted curves
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4.1.2 Implantation-Induced Crystal Damage

Energetic ions traveling through the crystalline target lose their energy in a series of

nuclear and electronic collisions and come to rest many atom layers below the

surface. Only nuclear collisions with the target atoms result in their displacements

referred as damage or disorder. At the collision the ions transfer kinetic energy and

momentum to the target atom. The displaced target atom (energetic recoil lattice

atom) itself can displace other target atoms resulting in a collision cascade and

generation of additional disorder. Along collisional cascades an agglomeration of

vacancies and interstitial atoms (Frenkel pairs) and more complex defects (defect

clusters) are formed in the crystal lattice. Due to higher nuclear stopping heavy ions

transfer more energy to displaced atoms compared to light ions for which electronic

stopping dominates. With increasing ion fluence the damaged lattice volumes begin

to overlap and finally form a completely amorphous layer without any long-range

lattice order. The number of defects and their depth distribution Nd(x) in a target

depend on the ion–target mass ratio Mi/Mt, ion energy E, fluence F and the fluence

rate (or ion flux) J, and the target temperature. As an example the defect evolution

in Si at 40 keV P+ ion irradiation is schematically shown in Fig. 4.3.

Compared to the implanted impurity depth profile the maximum of the damage

depth distribution is always shifted to the surface due to the ion energy loss in

displacements of lattice atoms Ed > 0 [19]. The amorphization fluence Fa can be

roughly estimated using formula (4.2) if one assumes that all target atoms are

displaced:

Fa ¼ 2 � Ed � Nt

ðdE=dxÞn
; (4.2)

where Nt is the atomic density of the target and (dE/dx)n the energy loss at nuclear

collision per length (depth) unit. In many cases (4.2) underestimate the

amorphization fluence because annihilation (annealing) effects during implanta-

tion, e.g., outdiffusion of vacancies or collisions with already displaced atoms, are

not taken into account. A more correct calculation of the amorphization fluence is

given by Morehead and Crowder [20]. Table 4.1 gives calculated and measured

amorphization fluences for common ions used for implantation in semiconductors

at room temperature.

For some important ions used in silicon technology, the dependence of the

amorphization fluence on the silicon target temperature is shown in Fig. 4.4. At

the fast rise of the amorphization fluence Fa the corresponding temperature Ta
means that heating crystalline silicon samples to this temperature amorphization of

silicon can be avoided. For example, sample heating to Ta � (400–450) �C
suppresses amorphization of silicon for all shown ions. Furthermore, Fig. 4.4

demonstrates that for light ions (e.g., boron) amorphization of silicon cannot be

achieved at room temperature and at common fluences <1017 cm�2.
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For high energy light ions, most of the energy loss is due to electronic collisions

which do not produce displacement damage. With increasing penetration depth,

light ions lose energy until the cross-over of the electronic and nuclear energy

losses (dE/dx)e and (dE/dx)n, respectively, is reached below which the nuclear

stopping becomes dominant (e.g., at E < 10 keV for 80 keV B+). Therefore,

most lattice damage occurs in the part of the light ion trajectory beyond this

Fig. 4.3 Defect evolution in

Si at 40 keV P+ ion

implantation as a function of

ion fluence

Table 4.1 Amorphization fluence for common ions in different semiconductors

Semiconductor Ion Ion mass of the main isotope

Amorphization fluence Fa

(cm�2) Reference

Si B 11 8 � 1016 [20]

Al 27 	5 � 1014 [21]

P 31 6 � 1014 [20]

Ga 70 2 � 1014 [20]

As 75 2 � 1014 [20]

Sb 122 1 � 1014 [21]

In 204 1 � 1014 [21]

Bi 209 5 � 1013 [21]

Ge B 11 2 � 1016 [20]

P 31 – –

Ga 70 – –

As 75 – –

In 204 5 � 1013 [20]

GaAs C 12 1 � 1015 [22]

Si 28 2 � 1014 [22]

Zn 64 3 � 1013 [23]

Cd 114 3 � 1013 [23]

GaP Te 130 1 � 1014 [24]
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point. This light ion-induced damage is characterized by a small damage volume

density which amounts to ~2 � 1020 cm�3 and ~0.2 % of Si atoms. Light ions

produce only trails of primary Si recoils around the trajectory of the implanted light

ion. The low energy recoiled atoms are separated only by small distances from the

vacancies they leave. This explains possible dynamic annealing of these defects and

therefore no formation of amorphous layers in silicon during room temperature and

high fluence B+ implantation. The light ion-induced damage is thus characterized

by primary crystal defects (mostly vacancies and interstitials) which require differ-

ent annealing procedures compared to crystalline regrowth of implantation-induced

amorphous layers. The most important effects of crystal damage and defects

induced by ion implantation are summarized in Fig. 4.5.

Comparing experimental data for the amorphization fluence with the number of

displaced atoms per ion one can conclude that other effects than only the ion fluence

can influence the creation of damage. Besides the target temperature and the ion

mass, the defect density around the ion trajectory in the target highly depends on the

diffusion of vacancies (V) and interstitial atoms (I). The defect density increases

with increasing ion mass because the contribution of the nuclear energy loss to the

overall energy loss increases. The mobility of defects becomes higher with increas-

ing target temperature and depends on the remaining crystal order. At low defect

density the diffusivity of vacancies and interstitials is higher and thus the probabil-

ity for their recombination is higher leading to a partial defect annealing during ion

implantation. High defect densities prevent the effect of self-annealing and the

situation becomes more complicated if interaction between vacancies (formation of

di-vacancies, V–V), between vacancies and dopants (e.g., vacancy–boron complex,

V–B), and between vacancies and other impurities in silicon (e.g., vacancy–oxygen

complex, V–O) with different mobilities takes place.

Fig. 4.4 Amorphization fluence as a function of target temperature for common ions used ion

implantation into silicon taken from [20]
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4.1.3 Sputtering Effects and Implanted Profile Change

High fluence ion implantation with F > 1016 cm�2 leads to effects which usually

do not occur in implantations with fluences <1016 cm�2 performed for conven-

tional implantation doping of semiconductors. The main effects are the dynamical

change of the target properties during the implantation process (density, composi-

tion, chemical properties, stopping power), diffusion, and surface sputtering.

Sputtering (the escape of target atoms, ions, and clusters from the target surface

due to physical knock-on process caused by the incident ions) depends on the ion

mass and energy as well as the properties of the target material (see Chap. 2). The

depth distribution of the implanted atoms for a fluence F ¼ j�t (targeted fluence) is
then given by Krimmel and Pfleiderer [25]:

Nðx;FÞ ¼ Nt

2 � Y � erf
x� Rp þ F�Y

Ntffiffiffi
2

p � DRp

� erf
x� Rpffiffiffi
2

p � DRp

" #
; (4.3)

Fig. 4.5 Most important effects of crystal damage and defects induced by ion implantation in

crystalline targets
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where Y is the sputtering coefficient and Nt the atomic target density (Nt ¼ r/Mt�ma

with r the mass density, Mt the target atom mass, and ma ¼ 1.66 � 10�24 g the

atomic mass unit) and with the actual surface being always at x ¼ 0. The proportion

of re-sputtered implanted ions Fs can be approximately calculated by integrating N
(x, F) over the range x � 0 and becomes

FsðFÞ ¼ F
2
� Nt � Rp

2 � Y
� �

� erf

F�Y
Nt

� Rpffiffiffi
2

p � DRp

þ 1

" #
þ DRp � Ntffiffiffiffiffiffi

2p
p

� exp
� F�Y

Nt
� Rp

� �2

2 � DRp

: (4.4)

The differenceFr ¼ F � Fs is that fraction of the implanted ionswhich is actually

deposited in the target (the retained fluence). For high fluence implantation at low ion

energies, a saturation of surface concentration is reached which corresponds in the

equations above to the case of assuming that F is infinite. Then, it follows from (4.4)

that the maximum density of implanted atoms at the surface is ~N1 ¼ N(0, 1) ¼
Nt

0/Y. For the new target density Nt
0 it can approximately be assumed that Nt

0 ¼ Nt þ
N1. Therefore, at the surface the implanted impurity density is N1 ¼ Nt/(Y � 1).

Furthermore, from (4.4) a saturation fluence of

F1 ¼ Frð1Þ ¼ Nt � Rp

Y � 1
(4.5)

can be found.

As an example, Fig. 4.6 shows Co+ implantation profiles in silicon calculated

from (4.3) for different implantation fluences. For the highest fluence of

1 � 1017 cm�2 the distribution corresponds to the saturation case with maximum

concentration at the surface. The calculation does not include the effect of cobalt-

atom diffusion during implantation.

Calculating retained fluence Fr according to (4.4) for 35 keV Co+ implantation

in Si at a sputtering yield of Y ¼ 3 and a fluence of 1 � 1017 cm�2 we get that the

retained to targeted fluence ratio Fr/F is only in the range of ~50 % if the saturation

stage is reached. At saturation the maximum implanted impurity concentration is

located always at the target surface and depends on the sputtering coefficient Y
which is given at normal incidence by the Sigmund formula [27, 28]. In

this formula, target swelling, blistering, and re-deposition of sputtered target mate-

rial are neglected. With increasing ion mass the sputter yield increases with a

maximum of the ion energy dependence usually between 10 and 500 keV

depending on the Mt/Mi ratio. Sputter coefficients are extensively investigated for

metals irradiated with noble ions (He, Ne, Ar, Kr, Xe) and other ions and can be

found for example in [27, 29]. As shown in Fig. 4.7, for Si, sputter coefficients for

common ions (B, P, Ga, As, Sb, and Bi) have been measured and calculated by

different authors and are published in [27, 30, 31]. Sputtering yields at noble ion
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irradiation of III–V- (GaAs, InP, GaSb, InSb, GaN) and II–VI- (CdS, CdSe, CdTe,

HgTe, ZnTe, PbTe) semiconductors also have been intensively investigated and are

published in [32, 33].

Applying the TRYDYN simulation code to high fluence ion implantation the

change of the profile due to surface layer removal by sputtering can be very well

predicted, as shown in Fig. 4.8 for 60 keV Co+ implantation into silicon at normal

incidence. The example in Fig. 4.8 demonstrates that at the surface the maximal

atomic fraction of Co in Si introduced by ion implantation is limited to 33 %. The

black bars at the beginning of each profile indicate the location of the actual surface

for each implanted fluence, or, in other words, the thickness of the sputter-removed

Fig. 4.6 Calculated cobalt concentration profiles for various implantation fluences of 35 keV Co+

ions in silicon at normal incidence (Rp ¼ 33 nm; DRp ¼ 12.8 nm; Y ¼ 3) [26]

Fig. 4.7 Sputtering yield of

45 keV ions for silicon as a

function of ion mass at

normal incidence; open cycles
of experimental data are taken

from [30] and full cycles of
theoretical values are taken

from [27]
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Si layer which amounts, for example, 90 nm at an implanted Co+ fluence of

2 � 1017 cm�2.

Because high fluence ion implantation produces drastic changes in the target

(target density, target composition, phase changes crystalline to amorphous) at low

sputtering yields for light ions (ion massMi comparable or smaller than target atom

massMt), swelling of the target can appear. For sputtering investigations, this effect

can be neglected in most cases at very high fluences but at moderately high fluences

the swelling effect has to be taken into account. In the case of Si+ implantation into

silicon, the sputter coefficient is around or�1 depending on ion energy as shown in

Fig. 4.9.

The mechanisms and effects of ion implantation-induced damage and ion

sputtering in compound semiconductors strongly depend on the semiconductor

group. The III–V semiconductors are usually easily amorphized at relatively low

fluences (on the order of 1014 cm�2), but there is also evidence of some re-

crystallization taking place at higher fluences. The implantation damage behavior

of the II–VI and HgCdTe semiconductors is very similar to that of metals. Several

mechanisms can cause bombardment-induced compositional changes in multicom-

ponent materials. For example, in the case of Ar+ bombardment of InP, the experi-

mental results indicate that the cause of surface compositional changes is mainly

preferential sputtering, while for argon bombardment of GaAs, bombardment-

induced diffusion and segregation effects are the dominant mechanisms. In general,

particular compositional change mechanisms can appear in most mentioned com-

pound semiconductor systems and also in SiC [34, 35]. Especially, for SiC and

diamond-like carbon (DLC), for example ta-C layers, in the nonsteady state case,

the drastic change of the target density due to amorphization and therefore to

swelling must be taken into consideration [36].

Fig. 4.8 Change and shift of the Co concentration depth profile in dependence on implanted

fluence in the range (1–20) � 1016 cm�2 for 60 keV Co+ implantation into silicon. The fluence

increment between the profiles is 1 � 1016 cm�2 (Röntzsch L private communication)
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Processes leading to surface sputtering may also inject one species into another

through interfaces in a sandwiched target, and therefore lead to transmission

sputtering or interface mixing. In general, such processes may give rise to changes

in the depth profile of the composition of a multicomponent target.

As described in Chap. 2 one may distinguish between recoil implantation and

cascade mixing. The former effect is due to direct ion–target collisions and there-

fore strongly directional, while the latter process is due to target–target collisions

and therefore more or less isotropic. Moreover, recoil implantation involves few

atoms with moderate and high energies while cascade mixing strongly peaks

toward low recoil energy. Recoil implantation causes a net displacement of the

depth profile of the light species relative to that of the heaviest species in the

direction of the beam, whereas cascade mixing is roughly equivalent with an

interdiffusion, with a diffusion coefficient essentially independent of target temper-

ature [37, 38]. The effect of recoil implantation was intensively investigated for

implantation into and through masking layers, for example SiO2 and Si3N4, on

silicon, as often used in microelectronic technology [39–42] and applied to direct

shallow doping of different substrates using specific surface layers [43, 44].

In general, recoil ion implantation or recoil ion mixing is based on atom

relocation by single-collision events. The energy ER transferred to the recoiled

target atom M2 by the incident ion M1 with an energy E0 during single collision at

the interface between the substrate S and the layer L is equal to

ER ¼ E0 � 4 �M1 �M2

M1 þM2ð Þ2 � cos
2#; (4.6)

where # is the scattering angle. The maximum transferred energy ERmax is achieved

atM1 ¼ M2 and at y ¼ 0 (head-on collision) but the most probable collisions are at

large angles (soft collisions) with decreasing transferred energy ER.

Fig. 4.9 Sputtering yield for Si+ ion irradiation of crystalline silicon showing the ion energy

dependence of both sputtering and swelling (Bischoff L private communication)

4.1 Ion Irradiation Effects in Crystalline Materials 129

http://dx.doi.org/10.1007/978-3-211-99356-9_2


If w is assumed as the thickness of mixed layer between S and L the amount of

mixing Q is equal to the number of S and L atoms in the layer w (Fig. 4.10a). Q
increases with ion massM1 because (dE/dx)n scales with ionmass and is proportional to

the square root of the fluenceF or the irradiation time t at constant ion flux (Fig. 4.10b).
Several processes are responsible for the ion mixing effect, all of which are

initiated by the interaction of an energetic ion with a solid. Both ballistic and

cascade effects depend on the mass of the incident ion. By increasing the mass of

the ion the amount of energy deposited in nuclear collisions per unit length traveled

by the ion also increases. The influence of mass and fluence effects on ion mixing is

clearly evident as shown in Fig. 4.10. The average thickness of reaction at the Pt/Si

interface is given in units of Si atoms cm�2, which increases with both increasing

mass of the incident ion and the increasing fluence F. At the Pt/Si interface the

mixing rate for all ion irradiations is proportional to (F)1/2. Ion beam mixing gives

the ability to produce ion-modified materials with higher solute impurity

concentrations at lower irradiation fluences than can be achieved with conventional

high fluence ion implantation, for example of an Au/Cu interface [47].

The isotropic broadening observed in thin buried marker layers strongly suggests

that a series of single-event, forward-momentum recoils is not the dominant mixing

mechanism. Instead, in many cases the symmetric marker broadening appears to be

more related to processes dominated by the isotropic displacement mechanism

caused by collisional cascades [48].

For the simulation of ion implantation into multilayer systems including recoil

implantation and ion mixing at interfaces, the dynamic binary collision code

TRIDYN is favored to be used. Because TRIDYN considers both of ballistic

interactions of an energetic ion with target atoms (direct ion–target collisions and

target–target collisions) as well as dynamic change of depth-dependent composi-

tion changes in stacked layers, ion mixing at layer interfaces can be simulated very

well. An example of Si/SiO2/Si stack mixing by Si+ ion irradiation with the aim of

Si nanocrystal formation in thin gate oxides can be found in Sect. 4.3.3.

Fig. 4.10 (a) Schematic drawing of recoil ion beam interface mixing and (b) example of ion mass

and fluence effects in an ion mixed Pt/Si layer. The amount QSi is the amount of silicon in the

mixed layer w. The ion mixing rate is proportional to (F)1/2 (from [45] and [46])
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4.1.4 Radiation Damage Annealing

The major problem associated with ion implantation in semiconductors (Si, Ge,

GaAs, SiC, etc.) is the removal of damage in the substrate lattice which has negative

influence on materials and device properties. This is conventionally achieved by

furnace annealing at temperatures up to about 1,000 �C. In semiconductors one has

to distinguish between defect annealing, re-crystallization of amorphous layers, and

electrical activation of implanted dopants by placing them on crystal lattice sites. In

Fig. 4.11 characteristic properties of different annealing regimes are summarized as

a function of the heating time. In this scheme all methods using heating times less

Fig. 4.11 Schematic classification of different regimes for radiation damage annealing in depen-

dence on time of energy transfer to the sample (wafer) during heating [49]. The upper part shows
the heat diffusion length during energy transfer and the lower part the energy density necessary for
annealing at different regimes of liquid phase epitaxy (LPE), solid phase epitaxy (SPE), heat

conduction regime (HCR), and heat radiation regime (HRR)
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than 1 s are called nonconventional annealing techniques in which short pulses or

writing beams are used to transfer the energy of light into the lattice of the

semiconductor.

The two principal annealing regimes are the annealing (recrystallization) in the

liquid phase (liquid phase epitaxy) and the annealing in the solid phase (solid phase

epitaxy). Extremely short pulses of �1 ms heat the amorphized layer not long

enough to allow a complete recrystallization by solid phase epitaxial regrowth

(SPE). Full recrystallization can only be achieved by melting of the damaged

layer followed by a liquid-phase epitaxial regrowth process (LPE). In these short

pulse times, the diffusion length of the heat is in the same order of magnitude as the

implantation depth. That means, only the damaged surface region is thermally

affected by the annealing process. At liquid phase epitaxial regrowth the implanted

layer melts and recrystallizes with high crystal perfection from the undamaged

volume to the surface on a time scale<10�7 s and at energy densities of ~1 J cm�2.

For this regime, pulsed and scanned lasers are applied. Because impurity diffusion

coefficients in liquids are several orders of magnitude higher than in the solid phase,

a significant redistribution of the implanted species occurs due to diffusion and

segregation [50].

For heating times of 10�4 to 1 s the rapid thermal annealing (RTA) process has

been shown to take place analogous to the conventional thermal (furnace) annealing

by solid phase epitaxial regrowth. As the activation energy for impurity diffusion is

higher than that for epitaxial regrowth, the redistribution of the implanted profile is

negligible in times required to recrystallize an amorphous layer. During furnace

annealing (FA) a noticeable redistribution of impurity atoms can be observed, only

due to the fact, that contrary to the nonconventional methods, the necessary

annealing time is strongly exceeded. Therefore, the nucleation of small defects

(e.g., point defects) to extended defects (e.g., dislocation loops) and their growth

observed at thermal furnace annealing can also be altered by nonconventional

annealing techniques.

It is appropriate to subdivide the SPE regime into two different time–temperature

regimes—the heat conduction regime (HCR) and the heat radiation regime (HRR).

At HCR during short pulses (�1 ms, e.g., for silicon wafers with a thickness of

>300 mm) there is a strong temperature difference between the illuminated side and

the other side of the wafer. This is a consequence of the finite heat diffusion through

the wafer during the pulse duration. After the pulse the surface temperature is rapidly

lowered due to temperature equalization over the wafer thickness by heat conduction.

Before this rapid cooling has taken place the annealing process must be completed. In

the HRR during longer pulses (	10 ms), the diffusion length of the heat exceeds the

wafer thickness and the heating of the whole sample material is nearly uniform.

Provided that the sample is thermally isolated the heat is stored for a long time

(typically ~1 s) because the cooling is dominated by heat radiation to the surrounding

medium. Because the heating times of both regimes (HCR and HRR) differ by three

orders of magnitude, differences in the annealing behavior of the implanted samples

can appear.
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Within the end of the 1970s years it has been demonstrated that both scanned cw

lasers and scanned electron beams [51] offer powerful tools in the solid phase

annealing. Nevertheless, only after 20 years especially laser annealing received

renewed interest, e.g., for dopant activation, by either melt quenching a surface

layer or as a high-temperature submelting pretreatment prior to a standard RTA

[52–55].

One of the approaches of rapid thermal processing to the elimination of implan-

tation damage is flash-lamp annealing (FLA) in the time scale of ms [56–58]. It is

likely that RTA and FLA steps today play the most important role in Si device

fabrication, possibly with more stringent control over time and temperature, as has

been the experience with advances in planar CMOS technology [59]. For a number

of excellent reviews of RTA methods, the reader is referred to some references

[60–63]. Dopant activation by rapid thermal processing requires exquisite control

of wafer temperature because diffusion and electrical activation of the dopants are

governed by high thermal activation energies, typically in the range 3–5 eV.

Controlling diffusion with a tolerance of �1 %, as may be required by the silicon

IC technology, corresponds to controlling the temperature of 1,000 �C to better than

�1 K. Thus, temperature control for critical annealing steps would have to be better

than �1 K across 300 mm wafers. The performance of current advanced RTA

equipment is in the range �(2–3) K. The RTA techniques can be divided into two

categories: (1) rapid wafer transfer between a steady heat source and a heat sink,

and (2) a fixed wafer heated by rapid modulation of the heat source. Heat is

exchanged for the most part normal to the wafer surface by radiation, gas convec-

tion, and gas thermal conduction. The wafer temperature is usually determined by

infrared-based optical pyrometers that incorporate systems for measuring wafer

radiance and emissivity. Pyrometry is the favored method because it is

noncontacting and, owing to Planck’s radiation law, the errors in temperature are

relatively less than the errors of change of sample radiance and emissivity due to

different surface properties (e.g., different patterned of SiO2, Si3N4, poly-Si, thin

metal layers, etc.).

In the LPE annealing regime energy irradiation sources of high-power pulsed

lasers, for example Nd-glass, Nd-YAG, and Yb-YAG lasers, with wavelength in the

visible and near-infrared region (1,064–355 nm) as well as XeCl- and KrF-excimer

in ultraviolet region (308–248 nm) with energy densities of 	1 J cm�2 and pulse

duration times of 10�7–10�8 s are required. For melting of near-surface layers,

there exists a light pulse energy barrier EL which depends on the light absorption

coefficient a, the light wavelength l, and on the sample temperature. With increas-

ing sample temperature the absorption coefficient increases for most of semicon-

ductor materials. With increasing light pulse length tp the energy barrier increases

with EL ~ (t)�0.5, because the diffusion time of the generated heat from the surface

layer into the substrate is also reduced, and at the same time the maximum melting

depth dmax decreases corresponding to the relation dmax ~ (t)0.5. For epitaxial

regrowth of amorphous layers, the depth of the melted layer must be larger than

the thickness of amorphous layer. In this case the formation of defects such as

stacking faults, dislocations, and precipitates can be eliminated to high degree
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during LPE. The significant redistribution of the implanted dopant profile during

LPE is caused by the very high diffusion coefficient in the melt which is orders of

magnitude higher compared to that in the solid material. The redistribution of the

profile depends on the melt duration tm, the melt depth dm, and segregation coeffi-

cient k0, which represents the ratio between the equilibrium dopant solubility in the

growing crystalline solid material and that in the liquid near the interface. For

silicon the values are <1 [64], which means that during regrowth of the melted

layer the dopants are rejected into the melt which becomes progressively enriched

with dopants.

In the case of high segregation coefficients (e.g., B, P, As), the redistribution of

impurities is mainly driven by their diffusion in the melt, whereas for small coefficients

k0 < 10�2 the redistribution is mainly caused by the segregation at the liquid–solid

interface. A high amount of impurities is pushed in direction of the surface where

eutectic precipitates can be formed. During the high cooling rates during LPE point

defects remain in the re-crystallized layer which can be partially removed at subsequent

conventional low-temperature annealing, for example in a hydrogen atmosphere.

Furthermore, during LPE the thermal solubility limit of dopants in the melt is much

higher compared to their solubility in the solid state of silicon which leads to complete

electrical activation of introduced high fluence-implanted impurities even above the

equilibrium solid state solubility limit [50, 65, 66].

In the HCR annealing regime with SPE scanned continuous wave (cw) lasers or

pulsed lasers with wavelength in the visible and near-ultraviolet range

(~400–800 nm) with irradiation times in the order of 0.5 ms < t < 20 ms are

applied to damage annealing [51]. On this time scale of energy supply for damage

annealing, higher energy densities up to 100 J cm�2 are necessary due to heat loss

by heat conduction into the substrate (and the ambient). The laser beam spots have

usually diameters of 10–100 mm and must be scanned over the sample surface with

appropriate scan velocity or repetition and dwell time. In this regime, no significant

redistribution of the implanted profiles and segregation effects at the surface are

observed if the concentration of implanted impurities in the substrate is in the order

of their solubility at given annealing temperature. For re-crystallization at sufficient

energy in the laser beam spot very low concentrations of remaining point defects,

especially in <100>-oriented silicon substrates, and a high degree of electrical

activation up to 100 % can be achieved.

Among thermal pulsed-laser annealing flash-lamp annealing (FLA) [67] can be

applied for greater suppression of dopant diffusion effects. FLA uses a high optical

flux for faster heating to either melt the surface of the wafer or selectively raise the

surface temperature. Upon termination of the light pulse, the surface temperature

rapidly cools by thermal diffusion from the near-surface region into the bulk of the

sample. The rapid quenching can lead to lattice defects and dopant metastability,

and consequently to dopant redistribution during subsequent thermal processing

steps. FLA has also been implemented in a lamp-based RTA system as a modifica-

tion of the chamber shown in Fig. 4.12a, where the upper bank of lamps was

replaced by Xe flash-lamps, emitting in the 300–800 nm wavelength range and to

produce a 0.5–20 ms pulse at the peak temperature [68].
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The heating and cooling rates are very high and in the order of 106 K s�1, which

can easily lead to sample breakage due to high introduced mechanical stress. The

lower bank of incandescent lamps is used to heat the wafer up to about 600 �C. The
upper bank of lamps is energized by an electric discharge to produce a short pulse of

radiation with an energy density up to 100 J cm�2. Figure 4.12b schematically

illustrates the surface temperature versus time profile for FLA. As has been shown,

the results indicate a high electrical activation of dopants with negligible diffusion

in the region of the junction in the case of BF2 implantation and several nanometer

diffusion in the case of As implantation into silicon [69].

In principle for SPE in the HRR regime the same energy sources as in the HCR

regime can be applied, but in recent years large area light radiation heaters (mostly

arrays of incandescent lamps systems and of high-power arc lamps) became

accepted because of higher productivity during annealing of large wafers up to

300 mm diameter. The sample exposure time in this regime is higher than 100 ms.

Due to the continuous heating over the sample thickness, the irradiation time can be

varied over a broad range without significant change of damage annealing behavior.

Shorter times are preferred if diffusion effects (profile broadening) have to be

minimized. The annealing conditions do not change if the sample (wafer) is

irradiated from the nonimplanted back side. At these conditions possible influence

of patterned surface layers on the front side on energy absorption can be excluded.

After annealing in the HRR regime residual defects of rod-like dislocation with

some tens of nanometer extension, no significant redistribution and phase separated

precipitates of impurities have been observed.

Several steady light heat source methods have been developed mainly for

purposes of common rapid thermal annealing (RTA) of implantation damage

annealing in silicon and other semiconductors. The cold-wall RTA method that

uses incandescent lamps for heating, wafer rotation for uniformity, and gas levita-

tion for thermal isolation and quench cooling was developed to replace prolonged

furnace annealing. Incandescent lamp systems are now most prevalent in IC

manufacturing. Figure 4.13a illustrates the process chamber of a modern lamp-

based system with wafer heating from the top side and wafer temperature measure-

ment from the bottom side [70]. The heating lamps are arranged in a closed-packed

two-dimensional array and are powered in concentric annular zones. The power

distribution among the zones is controlled by temperature sensors along the radial

direction underneath the wafer.

Fig. 4.12 Schematic buildup of a FLA annealing chamber (a) and typical T(t) characteristics (b)
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Another RTA system, illustrated in Fig. 4.13b, has a chamber that efficiently

surrounds the wafer with heating lamps [71–73]. The reflective enclosure contains

linear lamps arranged in rows with the filaments parallel to the wafer and includes a

quartz isolation tube to control the gas ambient. The linear lamps in the upper and

lower banks may be mutually parallel or perpendicular. The power distribution

among the lamps is adjusted to produce uniform temperature distribution over the

wafer. Two radiation probes are used to determine the wafer temperature by a

technique denoted as ripple pyrometry [74]. The probe with the view of the wafer

collects a mixture of radiation emitted by the wafer and the lamps. The other probe

(ripple pyrometer system) samples radiation from the lamps for reference.

High-power arc lamps have been used for RTP, particularly for spike annealing.
Spike annealing techniques were introduced to control dopant diffusion in shallow

junction formation [75]. Current spike annealing methods use infrared heating that

is characterized by near thermal equilibrium across the wafer thickness of the

wafer, similar to RTA. The variables are heating rates, which depend on the

intensity and wavelength of the infrared radiation source, the switching time from

heating to cooling, and the cooling rate, which involves radiative, convective, and

thermal conductive dissipation of wafer heat. Typical temperature versus time

traces for spike anneals with arc and incandescent lamps are shown in Fig. 4.14.

Both curves were produced by abruptly turning off lamp power at or near the

peak temperature. Typical heating rates are in the range 100–400 K s�1. The wafers

cool by chamber absorption of the emitted radiation at rates up to 150 K/s. Sharper

spike peaks are achieved for an arc lamp compared to incandescent lamps, because

arc lamp method produces the sharper spike with an inherent response time of

~10 ms. The incandescent lamp method produces a spike with a more rounded peak

because of incandescence after-glow in tungsten filaments, which has a time

constant of about 0.5 s. In spike annealing wafers are cooled by turning off the

heating lamps or by withdrawing the wafer from the heated environment. Initial

cooling at high temperature is dominated by radiative heat transfer. Cooling can be

augmented by thermal conduction and gas convection at lower temperatures, e.g.,

by using He gas as the exchange medium.

Fig. 4.13 Typical buildups of a cold-wall RTA system: (a) asymmetric lamps, single-sided

heating, and (b) linear lamps, double-sided heated
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In some cases rapid thermal processing is carried out by briefly inserting the

sample into a quartz tube furnace. The modern technique is oriented on so-called

hot-wall RTA in a vertical quartz tube furnace (bell jar furnace) and utilizes the

uniformity and reproducibility inherent in a steady furnace-based heat source

(Fig. 4.15) [76]. The wafer is transported by fast elevation in a bell jar furnace

heated with a vertical temperature gradient. The temperature at the top of the bell

jar is several hundreds K higher than the maximum targeted wafer temperature. The

desired heating rate and maximum wafer temperature determine the peak furnace

temperature. The bottom of the chamber is water cooled and serves as a heat sink

for cooling the wafer when it is moved down. The temperature is measured by a

pyrometer that detects the wafer radiance and subtracts background interference

from the furnace radiation. The pyrometry uses 0.95 mm wavelength, where optical

transmission through Si is negligible.

A comprehensive review of the detailed operation of RTA systems with respect

to the dynamic response of the sample (wafer) temperature to light irradiation can

be found in [77].

During furnace annealing on the time scale of >10 min, the implanted and

damaged sample is at thermal equilibrium with the surrounding inert gas ambient in

a heated high-purity quartz or poly-Si tube. The recrystallization of amorphous Si

layers (activation energy 2.3 eV) in most cases takes place in the temperature range

of 600–800 �C and the annealing of different kinds of crystal defect as well the

electrical activation of dopants in a higher temperature of 800–1,000 �C. If the
implantation conditions are not sufficient to create an amorphous layer, lattice

repair occurs by the generation and diffusion of point defects in the crystal. This

process has an activation energy of about 5 eV and requires therefore higher

annealing temperatures to remove all the defects. It is thus easier in many cases

Fig. 4.14 Typical temperature versus time traces for spike anneals with arc and incandescent

lamps
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to repair a fully amorphized layer than a partially damaged one. The result of

incomplete annealing is a reduction in the fraction of active dopants which in

principle has to be as high as possible. This means that in the furnace regime the

recrystallization of amorphous layers in silicon takes place during heating up the

furnace to the desired annealing temperature at 800–1,000 �C. The annealing

process depends on time–temperature characteristics of heating-up rate, constant

temperature annealing time and cooling-down rate because the furnace annealing

regime is a thermodynamic equilibrium process. The thickness of the recrystallized

layer is given by the expression:

dR ¼ a � n0 � t � exp� Ea

k � T ; (4.7)

where n0 is the phonon frequency (e.g., in the Si lattice 1011–1012 s�1), a is the

crystal lattice constant (e.g., for Si 0.543 nm), and Ea the activation energy for atom

movement (e.g., for Si 2.3 eV).

The phonon frequency n0 depends on the crystal orientation and the concentra-

tion of introduced impurities. The recrystallization velocity of an amorphous Si

layer between 1 and 50 nm min�1 increases with increasing doping concentrations

and in order of B, P, As, Ga, In and of orientations <111>, <110>, <100> as

shown in Fig. 4.16. In the nonabrupt transition depth between the amorphous layer

and the crystalline substrate, the damage concentration continuously decreases

leading to an increased concentration of point defects and dislocations. Therefore,

during long-time furnace annealing these defects, depending on annealing

conditions, can extend into the crystalline substrate as well into the recrystallized

layer.

Fig. 4.15 Hot-wall RTA using a vertical quartz (or SiC) tube furnace (bell jar furnace) (a) and
typical temperature–time trace (b)
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Due to the complexity of processes for defect dissolution, defect generation,

recrystallization, electrical dopants activation in crystalline materials, and the

placement of annealing processes in the full device fabrication process, many

optimized thermal annealing regimes have been developed. Especially multistep

annealing at different temperatures and times with different heating and cooling

rates are of great importance because low residual defect concentration and high

electrical activation can be achieved [79]. The disadvantage of furnace annealing is

the redistribution of dopants (lateral and vertical broadening of the as-implanted

profile) by defect-enhanced diffusion which is observed already at lower

temperatures and thermal diffusion at high temperatures. The emission of vacancies

during annealing increases the diffusion coefficient of the implanted atoms. The

time constant of vacancy emission is in the order of minutes. In general, implanta-

tion induced release of vacancies (V), and, especially, in the case of boron in Si the

release of interstitials (I) can increase the diffusion coefficient significantly. The

increase of the boron diffusion coefficient denoted as transient enhanced diffusion

(TED) is explained by the formation of (I–B) complexes with a high diffusivity in

silicon [80–85]. A defect-enhanced diffusion has been also observed for stable

dislocation defects often induced by high fluence implantation.

In advanced silicon manufacturing technology, more ion implant annealing is

done by RTA in single wafer process tools than in batch furnaces. This is especially

true for shallow junction implant annealing, where RTA is believed to be a better

method. Depending on the implanted dopants, the ion energy, and fluence, the

annealing can require temperatures up to 1,100 �C [86]. The advantage of RTA is to

access these high temperatures while minimizing the thermal budget by reducing

the annealing time at a given temperature. A very short annealing time at higher

temperatures, spike-anneal with a very fast ramp up/down rate has been introduced

Fig. 4.16 Recrystallization velocity in Si and Ge for different crystal orientations (from [78])
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as an effective shallow junction implant annealing to electrically activate implant

species with no significant diffusion. The annealing time is typically shorter than

1 s. For ultra-shallow junction (USJ) formation with xj < 50 nm, excimer laser-

based SLA and nonfilament-based FLA techniques using arc lamps are being

actively investigated [68, 87, 88]. For further reduction of the diffusion of

implanted species during annealing, SPE of implanted silicon at lower temperatures

(600–700 �C) using RTA has been investigated [89].

The temperature–time characteristics of common thermal annealing techniques

introduced in silicon processing for VLSI circuits are summarized in Fig. 4.17.

Usually, all the active device regions are located at the near-surface region within

a depth of<1 mm on Si substrates (wafers) with a thickness of 400–800 mm. From the

viewpoint of minimizing dopant diffusion and defect generation during annealing,

selective surface heating without significant heating of the bulk Si wafer is an ideal

thermal treatment. The two modes of LPE (surface melting) and SPE (submelt

modes) of SLA have been investigated for USJ fabrication [90]. The LPE mode of

SLA annealing gives a high electrical activation, but has process integration

problems. The SPE mode of SLA annealing reduces the problems of process integra-

tion and gives reasonable electrical activation of implanted dopants. For both SLA

modes, the annealing area is limited by the size of the laser beam and requires

significant pulses repetition, as well as scanning systems for dopant activation over

the full wafer surface. In the future, the semiconductor industry will target USJ

junction depths below 20 nm. High quality pn-junctions with xj < 10 nm will require

annealing techniques without broadening of the implanted profiles or less than<3 nm

due to diffusion. There are numerous annealing options which depend on the gate

stack structure and on process integration including: (1) high-temperature ms-FLA or

SLA, (2) spike-RTA with lower spike annealing temperatures of<900 �C, (3) SPE at

higher annealing temperatures of >700 �C, and (4) combinations of spike + ms

annealing or ms + spike annealing [91].

Fig. 4.17 Temperature–time map of various thermal annealing techniques used in the semicon-

ductor industry
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4.2 Ion Implantation into Semiconductors

Ion implantation is one of the most important processing steps in semiconductor

technology. During the progress of ion implantation technology over the past 30

years, remarkable progress has been made in understanding the particle-solid

collision phenomena so that range profiles of implanted dopants in semiconductors

can be calculated with considerable accuracy. The annealing conditions to remove

the implantation-induced crystal damage in semiconductors and to leave the

implanted dopants on lattice sites, and fully electrically active, have also been

well explored. The engineering challenges are related to the development of low

and high energy implantation processes to accommodate the many implantation

steps used in the fabrication of integrated semiconductor circuits. With decreasing

dimensions in integrated circuit technology new physical and engineering

challenges are focused on the interaction between the defects and dopants

introduced during implantation. Now, with device dimensions deep in the

submicrometer range, quantitative information about dopant-defect interactions

are needed and must be taken into account in modern semiconductor device

technology. The flexibility and compatibility of ion implantation with other fabri-

cation processes enables the fast implementation of changes in new and advancing

technology.

4.2.1 Ion Implantation into Silicon

Silicon is the most important semiconductor in the microelectronics industry and

the basic material in VLSI and ULSI technology. Compared, for example, to

germanium silicon has a larger bandgap (Eg ¼ 1.1 eV) resulting in lower leakage

currents allowing the device operation at higher temperatures up to ~150 �C. With

the widespread and intensive silicon processing developments in integrated circuit

technology based on MOS (or CMOS) device structures, ion implantation replaced

the conventional diffusion doping for almost all planar silicon device structures. Ion

implantation has become an essential doping process for manufacturing of MOS,

CMOS, BiCMOS, and bipolar solid state silicon devices [92]. Therefore, the

developments in ion beam processing of silicon mainly for CMOS technology

stimulated the development of appropriate ion implantation tools and the applica-

tion of ion implantation for other kinds of silicon devices, for example silicon

detectors and sensors.

In advanced CMOS technology much more than 100 process steps are required

to fabricate silicon integrated circuits (memory and processor devices). The wafers

have to be lithographically patterned, doped, etched, and coated with various thin

films. The advances in device design and shrinking of transistor dimensions require

well-controlled fabrication processes, such as ion implantation, capable of uniform,

controlled, and reproducible introduction of dopants into silicon. Ion implantation

has become quite complex to meet the demands of small device structures such as

the typical gate lengths of <100 nm in a complementary MOS (CMOS) device
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shown in Fig. 4.18. The basic parts of the CMOS device are two MOS field-effect

transistors (MOSFETs) consisting of one p-channel FET and one n-channel FET.

To form both types of transistors in the same substrate, regions of opposite doping

types are required separated by a shallow trench isolation (STI).

Figure 4.18 illustrates the sophistication of current implantation technology.

More than 20 different implantations covering a wide range of energies

(0.1 keV–1 MeV), fluences of 1011–1016 cm�2, and dopant species (mainly B, P,

As, In) are typically used to tailor dopant profiles during device fabrication. The

lowest energies are for junction formation and the highest for substrate or well

doping. As shown in Fig. 4.18 ion implantation plays an important role in the

fabrication of various integral parts of a CMOS transistor, where the most important

ones are the formation of the transistor channel and the contact areas of source and

drain as well as the doping of the wells. Scaling down the transistors in size, many

implantation processes must meet the requirements for lower energies and higher

doses to improve advanced transistor performance. Therefore, implantations such

as source-drain extension implants, halo formation, and gate-electrode doping in

the low energy regime have attracted widespread attention. All implantation pro-

cesses in the fabrication of advanced silicon CMOS devices are summarized in the

ion fluence-energy map of Fig. 4.19.

For all implantation processes shown in Fig. 4.19 the typical implantation

parameters are summarized in Table 4.2.

Most of efforts in shallow pn-junction fabrication are focused on the formation

of shallow source/drain junctions. Since boron has much higher diffusivity than

phosphorous and arsenic, shallow p+n-junctions have proven to be more difficult to

form in CMOS devices compared to P- or As-doped shallow n+p-junctions. The

formation of shallow boron p+n-junctions is limited by three effects: (1) small ion

mass of boron and therefore relatively large projected range (penetration depth)

requires ultra-low energy implantation with E � 1 keV, (2) increasing channeling

of boron with decreasing ion energy, and (3) anomalous diffusion in the tail region

Fig. 4.18 Ion-implanted regions in a common CMOS transistor
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Fig. 4.19 Ion fluence–energy map of different ion implantations for silicon MOS-device and

process technology (adapted after [93])

Table 4.2 Implantation processes and parameters for advanced CMOS transistor technology

Transistor region Ions

Energy

(keV) Fluence (cm�2) Remarks

Channel formation P, B 10–80 1 � 1012–5 � 1013 Halo, PTS, LATIPS,

Pocket, SSR

High tilt angles and

wafer re-depositioning

As, In,

Sb

80–200

Transistor

threshold voltage

adjust

B, BF2,

As

10–50 4 � 1011–4 � 1012

(!1 � 1011)

Transistor threshold

voltage

Source/drain deep

contacts

As,

BF2, B

10–80

(!1–30)

2 � 1015–8 � 1015

(!1 � 1015–4 � 1015)

Conducting source/drain

areas

Source/drain

extension

As,

BF2, B

0.5–30 3 � 1013–1 � 1015 Electric field reduction

near S/D

poly-Si gate doping B, BF2,

P

30–80

(!2–30)

3 � 1015–2 � 1016

(!1 � 1015–8 � 1015)

Conducting gate

material

Preamorphization Ge, Si 5–50 5 � 1013–2 � 1015 Channeling suppression

Retrograde wells B, P 1,500–3,000 5 � 1012–3 � 1013 Off-state leakage

current reduction

Triple wells P, B 1,200–3,000

(!5,000)

5 � 1012–3 � 1013 p- and n-well separation

Buried layers B, P 1,500–3,000 2 � 1013–5 � 1013,

3 � 1014–2 � 1015
Subcollector in bipolar

transistors

Proximity gettering C, N,

O, F, Si

1,500–3,000 5 � 1014–5 � 1015 Carrier lifetime

improvement

SOI wafer

fabrication

O 30–100 3 � 1016–1 � 1017 SIMOX

H, He Smart-Cut
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of the implanted profile during high-temperature annealing due to transient-

enhanced diffusion (TED).

Furthermore, scaling of supply voltage does not happen as fast as geometrical

device scaling, such as gate length and gate oxide thickness. Because of this, the

electric field in the device increases with scaling, resulting in aggravation of short-

channel effect (SCE). Short channel effects impact MOSFET device characteristics

such as threshold voltage Vth, subthreshold currents, and I–V behavior beyond

threshold. In addition, it has been recognized that also increased reliability concerns

such as hot carrier effect (HCE) and gate oxide reliability. Various transistor design

techniques have been proposed and investigated to deal with SCE and HCE. One of

the most important developments in transistor design to deal with SCE and HCE is

the use of lightly doped drain (LDD) in conjunction with polysilicon gate sidewall

spacer (see Fig. 4.18). Various other ion beam processing steps have been adopted

in transistor fabrication. These include retrograde channel implantation, super-steep

retrograde channel (SSR) implantation, halo or pocket implant with a large tilt

angle, preamorphization implant (PAI), punch-through stopper (PTS), and large

tilt-angle punch-through stopper implantation (LATIPS). Because silicon CMOS

technology is one of the most developed semiconductor technologies, the used ion

beam processing steps will be described in the principal sequence of their applica-

tion to the CMOS transistor fabrication (see Fig. 4.18):

• Twin-well processing (or triple-well process)

• n-well and p-well processing

• Transistor channel processing

• n- and p-type source and drain processing

• Poly-Si gate processing

The principal ion implantation sequence in the advanced CMOS device

manufacturing process starts with high energy implantation to form the retrograde

wells, after that the medium energy implantation for punch-through stop (PSS)

and low energy implantation for threshold voltage (Vth) adjustment. After gate

patterning low energy source/drain extension (SDE) implantation, and halo implan-

tation under high tilt angles are carried out. The final implantation steps are the

doping of deep S/D areas by medium energy implantation.

Step 1: Retrograde n- and p-wells implants
The areas where the transistors will be fabricated—the n-channel MOSFET in

the p-well and the p-channel MOSFET in the n-well—are achieved by high energy

implantation of B+ and P+ (or As+) ions, respectively, at energies ranging from a

few 100 keV to several MeV with a peak concentration at a depth of about 1–2 mm
below the surface. The ion energy depends on the device type and its application for

high speed logic (processor) and DRAM memory devices with relatively shallow

wells and for SRAM and flash memories with deeper wells. In former fabrication

processes, the p- and n-wells were formed by medium energy implantation

followed by a deep thermal in-diffusion which is eliminated in modern technology,

allowing the use of RTA with a small thermal budget. This eliminates lateral dopant

diffusion and permits better device scaling (higher transistor packing density).

Retrograde well implantation is normally self-aligned to the already performed
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oxide-filled shallow trench isolation (STI). Profiled well implantation can be

performed with an arbitrary impurity distribution to optimize many device

characteristics almost independently. Buried layers with n-profiled and p-profiled

wells are fabricated alternatively using multiple high energy ion implantations (B+

for a p-well and P+ for an n-well) by controlling ion energy and fluence indepen-

dently. The resulting multiple depth profile is usually called triple well structure.

The application of triple well structures provides important advantages to several

different CMOS devices. They include memory devices (DRAM, flash, and SRAM)

and embedded CMOS technologies with memory and logic devices on the same

chip [94]. In triple well technology, the addition of moderate fluence high energy P+

and B+ ion implants allows the creation of separate p-wells and n-wells which are

isolated from p- and n-substrates, respectively. To take full advantage of triple well

structures, high energy (2–3 MeV) ion implantation is preferred over other

approaches, like deep diffusion with long thermal treatment at high temperatures

(~1,150 �C). In typical triple well processes, the deep n-well that forms the added

isolation of the third well requires P+ implantation with an ion energy up to 3 MeV

at a fluence of 1 � 1013–1 � 1014 cm�2 Additionally, the boron p-well, which

is implanted into the deep n-well, will require up to 1 MeV at a fluence of

1 � 1013–1 � 1014 cm�2. Typically, these processes form 2.5–3.5 mm deep buried

n- and p-wells with a retrograde dopant profile (low subsurface dopant concentra-

tion). In order to pattern and mask the very deep implants, thick photoresist masks

are required with thicknesses of 3.5–5.5 mm. Thermal diffusion treatment is not

required, and dopant activation and implantation damage recovery can be achieved

by the subsequent thermal processes, for example during the gate oxidation step.

Retrograde triple well processing allows the formation of a buried n-well beneath

selected n- and p-wells without surface compensation of dopants, which can lead to

improved device performance. The impurity concentration at each depth

determines the respective CMOS-FET device characteristics, such as threshold

voltage, hot carrier generation, punch-through voltage, junction breakdown volt-

age, junction capacitance, latch-up susceptibility, soft-error immunity, etc. Isola-

tion characteristics, inter-well or intra-well, are also determined by impurity

concentrations at certain well depths. Since a high energy implanted well can

usually be made shallower than a conventional diffused well, the trenches for

isolating wells also become shallower and easier to fabricate.

Step 2: Anti-punch-through and threshold shift implants
The anti-punch-through implant following the well implantations is applied to

create a higher doped region between the transistor channels and the maximum of

the well-implanted profiles to prevent punch-through from the drain depletion

regions extending to source depletion regions. The anti-punch-through implantation

is usually carried out at medium ion energies of 50–200 keV and low fluences of

1012–1013 cm�2. The natural threshold of the NMOS transistor is about 0 V and that

of the PMOS transistor is about –1.2 V. An implantation for p-type doping is used to

make the NMOS transistor harder to invert and the PMOS transistor easier resulting

in both threshold voltages balanced around Vth � 0. The threshold voltage can be

adjusted to the desired level by increasing the doping level through a low energy
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and low fluence ion implantation into the channel region. The threshold adjust

implantation is very sensitive to doping variations and requires very reproducible

ion beam energies and fluences. The energy depends on the thickness of the gate

oxide present during implantation. The threshold voltages of both n-type (Vthn) and

p-type (Vthp) transistors are adjusted to typically equal values of +0.6 V and�0.6 V,

respectively.

In modern CMOS technology for Vth adjustment implantation, light ions B+ and

P+ are often substituted by heavy ions (e.g., In+ for B+ in n-channel MOSFETs and

Sb+ for P+ in p-channel MOSFETs) to reduce its diffusivity and dopant redistribu-

tion during subsequent thermal processes [95]. These so-called super-steep retro-

grade (SSR) channel profiles allow the fabrication of deep-submicron MOSFETs

with suppressed punch-through effect, improved electron mobility, and lowered

interface dopant concentration level [96]. The need for nonuniform channel doping

is described more in detail by Taur and Ning [97].

Step 3: Implantation of lightly doped source/drain regions
After patterning of the gate insulator and gate electrode, shallow doped

(~1020 cm�3) source and drain regions next to the more lightly doped

(~1018 cm�3) active channels of the MOSFETs are fabricated in a self-aligned

manner by low energy and low fluence implantation. These shallow S/D profiles are

called S/D extensions and are commonly found in modern MOS device designs.

The doping profiles in the S/D regions have a profound impact on the channel

performance (e.g., short channel effects). As a result, considerable effort has been

also put into the optimization of the S/D. The shallow S/D extension was originally

motivated by a desire to relieve high electric fields and the resulting breakdown of

the device due to hot electron effects [15]. For modern high performance devices

however, the S/D extension is stronger motivated by the trade-offs between short

channel effects and the S/D resistance. The S/D extensions represent a shallow

effective S/D junction to the channel regions, while at the same time, minimize the

contribution of the S/D regions to extrinsic resistance through the presence of the

deep S/D regions. The S/D extensions are formed by using of low dose and low

energy dopant implantations.

Step 4: Source/drain halo implantation
Lateral channel engineering is used extensively to improve device performance.

Typically, lateral engineering is accomplished by angled implants into the channel

region following gate patterning. The halo implant is normally performed under

high angles of 30–60� to counterdope the source/drain extension regions, which is

done after poly-silicon gate patterning but before nitride spacer formation. Halo

implants need to be performed with four 90� rotations of the wafers to dope both

sides of the differently orientated transistors. The lateral implants cause an increase

in doping concentrations near the edges of the SDE regions. The use of halo

implants can improve short channel effects [98] and thereby control the so-called

threshold voltage roll-off [99]. For devices with long channel lengths, the impact of

the halo implant is minimal. As the channel length is decreased, the portion of the

channel with an increased dopant level becomes more and more significant, leading

to an increase in the effective channel doping level with decreasing channel length.
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Step 5: Implantation of the heavily doped sources/drain regions
Only after the formation of the spacers, the higher fluence and higher energy

dopant implantations are then followed to form the source/drain region by using the

spacers as masks. Additionally to the completed sources and drain doping, this step

provides the implantation of ohmic contact areas into the p- and n-wells and into the

substrate. For S/D- (and well) contact areas it is important that they have a lowest

possible resistance which requires medium energy (10–80 keV) and high fluence

implantation with fluences in the order of ~(1–5) � 1015 cm�2 for As+ in the case

of n-channel MOSFETs and for B+ (or BF2
+) in the case of p-channel MOSFETs.

At these implantation conditions highly doped (>1020 cm�3) S/D contact areas

adjacent to the more slightly doped (~1018 cm�3) S/D-extensions are formed. As+

ions are preferred due to their low diffusivity and higher solubility in Si compared

to P+ ions. Because boron has a higher diffusivity it is more difficult to fabricate

shallow S/D-junctions in p-channel MOSFETs. S/D areas have an opposite con-

ductivity to create a pn-junction and a good isolation to the surrounding wells.

Junction depths of �100 nm are typical for scaled MOSFETS with channel length

below 0.25 mm [100].

Step 6: Poly-Si gate implantation
As a gate contact material polycrystalline silicon (poly-Si) with a thickness of

~300 nm is deposited by LPCVD on top of the gate insulator and subsequently

highly doped by high fluence implantation. This step is carried out simultaneously

with the S/D implantation because ion energies and fluences in both cases are

comparable. n+-type poly-Si doping for n-channel MOSFETs and p+-type poly-Si

doping for p-channel MOSFETs are usually achieved by P+ or As+ and B+ (BF2
+)

implantation, respectively. The dopant activation in poly-Si during subsequent

annealing must be done carefully to avoid their diffusion through the gate insulator

(SiO2, HfO2, etc.) into the transistor channel, which can lead to undesired Vth

variation [101]. For p+-type doping of poly-Si low energy B+ is preferred because

of fluorine enhanced diffusion of boron through ultrathin gate oxides that occurs at

annealing of BF2-implanted poly-Si [102]. This effect can be reduced by forming a

gate oxinitride, either during oxidation or by N+ co-implantation.

In order to fabricate more and more shallow pn-junctions, recent efforts are done

with respect to the following ion implantations: (1) lowering the ion energy to

around 100 eV, (2) use of heavier ion species and in some cases of molecular and

gas cluster ions (e.g., decaborane B10H14, octadecaborane B18H22), and (3)

preamorphization by Si+, Ge+, or Xe+ ion implantation to avoid channeling effects.

Co-implantation of N+, F+, and C+ ions together with boron implantation for

shallow source/drain doping is often used in deep submicron MOSFET fabrication

to suppress transient-enhanced diffusion (TED) of boron [103] and boron deactiva-

tion (so-called reverse annealing) [104] during subsequent thermal annealing.

Furthermore, applying N+ co-implantation to the gate doping, the gate silicon

oxide can be nitrided, thus suppressing the boron penetration through the SiO2

and improving the reliability and hot carrier resistance of the gate oxide.

The different ion implantation processes described earlier are included in

advanced CMOS technology to fabricate MOSFETs with 28 nm gate length and
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with metal/high-K gate structures. As dopant ions B+, BF2
+, P+, As+, Sb+, and In+ as

well as heavy boron molecule and cluster ions are implanted to form several types

of MOS transistors. Implantation steps with Ge+ or Xe+ ions for silicon

preamorphization, the stress memorization by As+ implantation into the poly-Si

gate electrode to increase the charge carrier mobility in the transistor channel [105],

and co-implantation of C+, F+, N+ are employed. Thus, the application of all these

implantation steps results nowadays in a total number of 40–50 ion implantations.

Discrete high-power devices with current handling capability ranging from

100 A to several 1,000 A at high voltages can be divided into majority carrier

devices (Schottky diodes, power MOSFETs, junction field-effect transistors—

JFETs) and minority carrier devices (thyristors, bipolar transistors, isolated gate

bipolar transistors—IGBT and pin-diodes).

The charge carrier lifetime significantly influences the operation parameter of

bipolar power devices such as diodes, thyristors, and IGBTs. High charge carrier

lifetime (~0.1–1 ms) is required, in order to keep on-state charge carrier losses low.

On the other hand, power devices required to operate at high frequencies need a

short carrier lifetime in certain device regions, in order to achieve a fast turn-off

state and a minimization of the reverse recovery charge. The reduction of the carrier

lifetime can be achieved by introducing recombination centers either by in-

diffusion of metallic impurities (e.g., Au, Pt) before final device contact metalliza-

tion or by irradiation with high energy light ions (H+, He+) from the device back

side, which is usually the last step in power device processing sequence. Compared

to diffusion of metal impurities the advantages of high energy ion irradiation with

H+ and He+ ions are the local decrease of carrier lifetime by ion-induced defects

with precise spatial damage location and defect density in the device depletion

zone, no metal contamination, and low device leakage current [106–108]. H+ and

He+ (or He++) irradiation are carried out at typically 1–10 MeV ion energy with

fluences of about 1010–1012 cm�2. At these irradiation conditions the mostly

damaged regions (depth of the Bragg peak) are located in a depth of 10–500 mm
and of 3–70 mm for 1–10 MeV H+ and 1–10 MeV He+ irradiations, respectively.

Among other created defects (single vacancies, interstitials, vacancy-impurity

complexes, etc.) the most useful ion induced defects in these regions are silicon

singly negative-charged divacancies (V2
�1) with a deep level in the band gap

(E ¼ EC�0.41 eV, [109]) and a concentration of about ~1014–1016 cm�3 at typical

irradiation with 5 MeV H+ and He+ ions and a fluence of 1 � 1012 cm�2, respec-

tively. The silicon divacancy is of special interest because it is temperature stable

until 300 �C which is important for reliable device operation. At this deep level an

enhanced charge carrier recombination can be achieved due to a low recombination

lifetime tR preserving at the same time a high generation lifetime tG time for low

reverse currents. Consequently, the aim of lifetime engineering in power devices by

high energy ion irradiation is a maximization of the lifetime ratio tG/tR and

therefore to ensure increased switching speed (higher frequencies) and decrease

of power losses (heat reduction).
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As an example of local lifetime engineering in power diodes, the implantation

conditions and the resulting reverse current recovery behavior are shown in

Figs. 4.20 and 4.21, respectively [108, 110].

In this case, ion energies of 1.8, 2.4, and 3.0 MeV for H+ and 7.1, 9.6, and

12.1 MeV for He2+ were chosen in that way to place the damage peak into three

qualitatively different regions of the diode [anode side of the junction outside (A)

and inside (B) of the space charge region, and the N-base side of the junction (C)]—

see Fig. 4.20. The chosen ion energies guarantee identical projected ranges in

silicon Rp (30, 52, and 80 mm) for both projectiles. The fluences were set differently

for H+ and He2+ ions (2 � 1011–5 � 1012 and 2 � 1010–5 � 1011 cm�2,

Fig. 4.20 Charge carrier profiles in a P+PNN+ diode at reverse voltages ofUr ¼ 0 V (dashed) and
Ur ¼ 2.5 kV (solid) with simulated profiles of the damage resulting from ion irradiation into

regions A, B, C

Fig. 4.21 Reverse recovery waveforms of an unirradiated diode and diodes irradiated by H+/He2+

ions (fluence 5 � 1012/5 � 1011 cm�2, solid/dashed)
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respectively) to provide equivalent carrier recombination rates. After irradiation, all

diodes were annealed at 200 �C for 60 min to stabilize the radiation defects.

The effect of H+ and He2+ irradiation on the turn-off characteristics (Fig. 4.21) is

identical, if the H+/He2+ fluence ratio is set to 10. As can be seen, local lifetime

control by ion irradiation can speed-up the diode switching and soften the current

recovery by leaving enough charge on the cathode side. Moving of the projected ion

range Rp close to the anode (from region C to A) reduces the storage time and

fastens the space charge region development. Nevertheless, the effect of local

lifetime control on reverse current Ir and break-down voltage Ubr is more complex

and varies according to the location of the damage maximum [110, 111].

It is shown that optimal lifetime structuring over device depth giving superior

recovery characteristics is achieved by a well-balanced combination of two or more

consecutive local lifetime treatments. Beside the ion irradiation fluence, the irradi-

ation procedure involves a proper choice of irradiation energy [112]. Since any

radiation defect profile can be created by superposition of several irradiation steps,

the combination of ion and electron irradiation provided further device

improvement.

Another example for improvement of power device performance by back-side

high energy ion irradiation of metal oxide semiconductor gate turn-off thyristors

(MOS-GTOs) is given in [113]. This type of power device seems to be very

promising especially in high voltage applications, thanks to a very low voltage

drop and good switching performances. He+ ion irradiation was executed at ultra-

high ion energy of 40 MeV in the fluence range of (0.25–1.0) � 1010 cm�2 using a

cyclotron in order to obtain a local damage peak at a depth of ~700 mm for charge

carrier lifetime lowering at the transition between N� drift and N+ buffer layers of

the MOS-GTOs. The irradiation in this case was performed with He irradiation

from the back side of the wafer thus avoiding any damages at the gate oxide of

MOSFET placed on the device front side. Experimental results show that He+

irradiation can significantly improve the turn-off switching performances of the

MOS-GTO without affecting its on-state and turn-on switching characteristics. A

proper localization of defect peak concentration, obtained by changing the

parameters of the irradiation (energy and fluence), has been used to optimize the

device characteristics and to improve significantly its switching performances.

A reduction by more than 30 % of the turn-off energy losses compared to nonirra-

diated MOS-GTO devices was demonstrated using ultrahigh He+ ion irradiation.

Among ion irradiation based local defect engineering, ultrahigh energy boron

implantation for doping of deep pillar-like p-type regions into depths up to 40 mm is

of great interest for high-voltage super-junction devices (SJDs) and was firstly

introduced by Infineon’s CoolMOS technology between 1998 and 2000

[114–116]. The CoolMOS™ high voltage MOSFET devices do not show bipolar

current contribution like the well known tail current observed during the turn-off

phase of IGBTs. Advantageously, the CoolMOS™ device virtually combines the

low switching losses of a MOSFET with the on-state losses of an IGBT.

For the vertical p-type pillars devices, the state of the art successive epitaxial

growth of n�-type layers (overall thickness ~35 mm) combined with local p-type
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diffusion and/or low energy ion implantation is time consuming and cost intensive.

As an alternative low cost vertically structured doping process, recently ultra-

high energy boron implantation was proposed to form the vertical p-type pillars

[117, 118]. This concept represents a major simplification of SJDs fabrication since

the overall number of process steps is drastically reduced.

For the patterned implantation of high-energetic boron ions, silicon stencil

masks are placed in proximity to the wafer. In order to ensure safe masking even

for 25 MeV, B+ ions with a projected range of Rp ¼ 34 mm the thickness of the

silicon mask had to be 45 mm [118]. The ultra-high energy boron implantation

consists of a fivefold implantation sequence with B+ ion energies between 2.5 and

25 MeV and fluences from 5 � 1012 to 1 � 1013 cm�2 per implantation step. Due

to the high aspect ratio (7:1) of the Si stencil mask the implantation was carried out

perpendicular to the wafer surface. The as-implanted boron profile measured by

SIMS in Fig. 4.22a clearly shows the well-separated boron doped regions of the

fivefold implantation sequence. Each peak shows a characteristic distribution with

contributions from channeled and dechanneled ions.

The strong influence of axial channeling is evident as the implantations were

performed under normal incidence conditions. Whereas for the lowest energy the

peak distribution is mainly determined by channeled ions the influence of the

channeling decreases with increasing energy. To obtain a continuously p-type

doped pillars the wafers were subsequently annealed at 1,150 �C for 6 h enabling

p-type regions with charge carrier concentrations of nA ~ 1016 cm�3 in a depth

between 2 and 40 mm and a sufficient homogeneity in the spatial carrier concentra-

tion which was confirmed by spreading resistance depth profiling shown in

Fig. 4.22b [118]. It was demonstrated that the developed high energy implantation

process yields fully functional high-voltage MOS transistors with high blocking

voltages and low reverse leakage currents. A more detailed description of the

device properties is given in [119].

Fig. 4.22 (a) Boron depth profile measured by SIMS of a fivefold B+ implantation using ion

energies between 2.8, 8.0, 12.5, 16.5, and 20 MeV, and (b) corresponding charge carrier depth

profile obtained by spreading resistance measurement. The n-type epi-layer has a thickness of

40 mm and a carrier concentration of 2 � 1015 cm�3. The high charge carrier concentration of the

n+-substrate is ~4 � 1017 cm�3 [118]
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Today, silicon planar technology including ion implantation is being utilized

extensively to advanced silicon sensor and detector technologies [120–125]. In

these areas, attention was first focused on microsensor (i.e., microfabricated sensor)

development.

Today, common ion implantation is implemented in sensor and detector

technology to fabricate doped regions in different device structures (diodes

transistors, resistors, etc.). In some sensor applications, ion implantation is often

followed by a diffusion step to get wanted impurity profiles going deeper than a few

parts of a micrometer normally achieved by implantation. In this way, ion implan-

tation is used as a predeposition technique, using its high ion fluence accuracy

to improve the accuracy of the doping concentration. So, boron-implanted resistors

for piezoresistive micromachined sensors have a resistance value accuracy down

to 1 %, which is much better than that achievable with the thermal diffusion

technique. Therefore, ion implantation is the dominating way of making advanced

piezoresistive sensors.

In the field of radiation detectors (photodetectors, charged particle, and X-ray

detectors), high responsivity and collection efficiency of charge carriers generated by

radiation are required. This can be only reached using low damage shallow

pn-junctions in the radiation entrance window of the radiation sensing device.

Although radiation sensors are relatively simple in design with relatively large

structure sizes in comparison with integrated microelectronic circuits the requirement

of maintaining the high-quality silicon properties (e.g., extreme low impurity

concentration, high minority charge carrier lifetime of 	1 ms) during processing

did not allow a straightforward application of the microelectronic planar technology.

The requirements on ion beam processing in some aspects are more stringent due to

the processing of commonly used high purity Float-Zone silicon (FZ-Si) without

degradation of its properties, for example, by the introduction of impurities or the

creation of defects, the processing of both wafer sides without damaging the opposite

surface, and the production of even wafer-sized defect-free radiation detectors.

Using the flexibility of ion implantation, for example, tailoring of doping profiles

with exact location of its maximum at the SiO2/Si interface implanting through thin

SiO2 layers or producing of buried doping profiles is easily possible. In the

following selected examples for the application of high energy ion implantation

to the fabrication of advanced radiation sensing devices will be described. The aim

of high energy ion implantation for the fabrication of buried doping layers is the

optimization of the electric field distribution E(x) and the increase of the high

electric field strength in the device depletion region without breakdown. This

approach has been introduced to replace high-temperature deep diffusion processes

and epitaxial growth of doped silicon layers in the fabrication process of radiation

sensing devices.

In Avalanche Photodiodes (APD) a high electric field is necessary to reach the

regime of photon generated charge carrier multiplication up to a level of

M ~ 102–103 at low dark currents. Figure 4.23 shows typical doping profiles and

electric field distribution for a conventional silicon N+PpP+ APD with a deep

diffused P-layer (Fig. 4.23a) and an N+pPpP+ APD with a buried MeV-implanted

P-profile [126] (Fig. 4.23b), respectively.

152 4 Materials Processing



As can be seen in Fig. 4.23a the highest electric field in the N+PpP+ structure is
restricted to a very small depth region at the N+P-junction whereas for the N+pPpP+

structure in Fig. 4.23b with a buried MeV-implanted P-profile the electric field has a

constant high value of (1–3) � 105 V cm–1 over a certain depth region. As an

advantage of high energy boron implantation, the width of the constant high electric

field region and the electric field strength can be precisely tuned by changing the ion

energy and the ion fluence, respectively. For the deep B+ ion implantation, the

maximum of the buried P-layer is located at a distance of 2.75 and 3.1 mm from the

surface for ion energies of 1.5 and 1.8 MeV, respectively. The ion fluence is low—

in the range of (1–2) � 1012 cm�2—and has to be carried out with high demands to

homogeneity and fluence accuracy with errors <1 % [126]. Precise control of the

conditions for the two implantation steps ensures good process reproducibility,

which is particularly easy to do for epitaxial p/P+ wafers, and also a good fabrica-

tion yield. APDs obtained in this way offer excellent photoelectric performance,

e.g., low dark current (I0 < 1 nA) close to the breakdown, high gain of M > 150,

resulting in a sensitivity greater than 75 A/W, as well as excellent uniformity in the

avalanche set point (ASP) of ��5 % and improved correction of ASP temperature

dependence.

The sensitive area of APDs could be also increased thanks to the excellent spatial

homogeneity offered by the implantation technique compared to APDs fabricated

only by diffusion processes. Figure 4.24 shows, for example, typical dependence of

the multiplication factor M on the bias voltage U of an APD with xj ¼ 400 nm of

the N+p-junction for different B+ ion fluences implanted at 1 MeV. As can be seen

the M(U) characteristics of the APD depend very sensitive on the B+ ion fluence.

Silicon PIN diodes are also widely used for the detection and spectrometry of

ionizing radiation, in particular of charged particles, e.g., electrons (e), protons

(H+), a-particles (He+), and heavier ions (see also Sect. 3.4.5). Today ion implanta-

tion is the standard doping process for the fabrication of shallow p+n-junction

regions and n+-contacts in n-type high resistivity silicon using low energy

Fig. 4.23 Principal doping profiles and typical electric field distributions of a conventional

silicon N+PpP+ APD with a deep diffused P-layer (a) and an N+pPpP+ APD with a buried

MeV-implanted P-profile (b). Urt is the so-called reach-through voltage
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implantation of boron and arsenic/phosphorous (10–30 keV, 1014–1015 cm�2),

respectively, which was introduced by the pioneer works of Kemmer [128, 129].

This detector technology and a variety of advanced structures such as strip or pixel

detectors, the silicon drift chamber detectors (SDCDs), or fully depleted junction

charge-coupled devices (CCD’s) have been further developed during the last

decade [123–125, 130]. Besides, relatively high energy ion implantation

(300–600 keV) has been used to implant deep n(+) or p(+) layers into high resistivity

silicon for fully depleted CCDs, SDCDs, or for junction field-effect transistors

(JFETs) monolithically integrated on these detectors [131, 132].

In the following some examples for applications of the MeV ion implantation

technique in the detector fabrication technology will be discussed. The motivation,

as also in the case of APDs, arises from the fact that local changes of the substrate

doping can be used to modify the vertical electric field distribution of silicon pn-

junction detectors. Low dose MeV implantation of phosphorous in n-type silicon

has been applied to realize pn-junction detectors with high field regions (HFR)

extending from the surface to a depth of several micrometer (p+nn(�)n+ structure).

Using silicon pn-junction detectors with classical p+n(�)n+ structure for heavy ion

spectroscopy two particular problems arise, namely the plasma delay and the pulse

height defect (PHD). This PHD is usually defined as the energy difference obtained

in the spectrum between the peak position of heavy ions and protons (or a-particles)
of the same incidence energy. The PHD is caused by three effects: the nonnegligible

energy loss of heavy ions in the detector entrance window (front contact and p+-

layer), the increasing contribution of the nonelectronic nuclear stopping with

increasing ion mass, and the deficit due to the plasma recombination of charge

carriers along the ionization track of the incident particle. It is well known that the

effective silicon dead layer and the plasma recombination at ionization densities

Fig. 4.24 Typical dependence of the multiplication factor M on APD bias voltage U for different

B+ ion fluences (in cm�2) implanted at an ion energy of 1 MeV [127]

154 4 Materials Processing



	1019 e/h-pairs per cubic centimeter depends on the electric field strength [133,

134]. Therefore, detectors with enhanced internal electric fields of E > 10 kV cm�1

are preferred for the spectroscopy of heavy ions owing large electronic stopping

power. Silicon detectors with such high internal electric field have been fabricated

applying MeV ion implantation of P+ ions into high resistivity n-type detector-

grade silicon [135, 136]. The novel silicon detector structure proposed in [135] with

a high internal field strength up to E ¼ 200 kV cm�1 is shown schematically in

Fig. 4.25.

The conventionally employed p+n-junction structure based on high resistivity

n-type material (r 	 2,000 O cm) is modified by a 10 MeV P+ high energy ion

implantation at low fluences in the range of 1 � 1011–1 � 1012 cm�2 leading to a

buried region of enhanced n-type bulk doping with the maximum of the profile at a

depth of 4.75 mm. The depth of the HFR and the maximum electric field strength

can be established separately by the energy and the fluence of the MeV implanta-

tion, respectively, as shown Fig. 4.26.

Figure 4.26 shows the calculated electric field distribution for a detector modified

by a P+-implantation at 10MeVwith different fluences. The local enhancement of the

bulk doping due to the MeV implantation results in an increased and nearly constant

electric field up to the depth of the buried layer at ~4 mm. Behind the n(+) layer the

electric field linearly decreases analogous to the conventional detector configuration.

This field distribution is similar to diodes, which are produced using epitaxial n(+)

layers on high resistivitymaterial. Implantation fluences aboveF > 2.5 � 1011 cm�2

result in high field regions with F > 50 kV cm�1, which exceed those of conven-

tional heavy ion detectors. For an implantation fluence of 1 � 1012 cm�2 even an

electric field strength above 100 kV cm�1 can be easily realized, which is more than a

factor of ten higher compared to conventional p+n(�)n+-diodes. The performance of

detectors with different high field regions has been tested using oxygen ions with

energies between 0.9 and 8.5 MeV [135]. Figure 4.27 shows the measured ion

energies as a function of the electric field strength. The bias voltage for all detectors

was changed from 5 up to 200 V to obtain an electric field overlap between detectors

with different HFRs.

Fig. 4.25 Schematic view of the modified detector structure with a buried n+ doping profile and

the electric field distribution of the reverse bias detector
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Three regions can be clearly distinguished. The measured energy continuously

increases with the electric field up to a constant value, which is obtained at around

F ¼ 35 kV cm�1. The following nearly constant part of the curves can be

interpreted as the region of maximum carrier collection from the window and the

ionized track in the depletion zone. At electric fields above 100 kV cm�1 a

significant enhancement of the pulse height was measured caused by charge carrier

multiplication (avalanche effect). The beginning avalanche multiplication at mod-

erate field strength of about 80 kV cm�1 is surprising and gives rise to the

conclusion that the electric field is strongly enhanced near to the end of the

“conducting needle” of the plasma track.

Fig. 4.26 Electric field strength versus depth of a HFR silicon detector (P+, 10MeV) as a function

of ion fluence for a fixed depletion depth of 100 mm

Fig. 4.27 Measured signal amplitudes of different HFR detectors in dependence on the electric

field strength for various ion energies of oxygen (2.80, 4.27, 6.09, and 8.09 MeV); parameter: P+,

10 MeV: (a) unimplanted, (b) 2.5 � 1011 cm�2, (c) 5.0 � 1011 cm�2, (d) 1.0 � 1012 cm�2
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Recently, silicon detectors with HFR have been also developed for the detection

of electrons in modern electron lithography tools [136]. In principle the electron

detector consists of a conventional p+n-junction diode where the pn-junction area is

covered with an additional electron beam patterned heavy metal layer (2.5 mm thick

Cr/W layer), which possesses well-defined windows of various dimensions in the

micrometer and nanometer range. This heavy metal layer acts as an absorber

allowing the electrons to penetrate the sensitive junction area only through these

windows. From the evaluation of the detector signal arising from a scanned beam

across windows of different size one can derive information about the properties of

the incoming beam such as spot size, homogeneity, current density, skewness, etc.

[137]. The requirements for electron beam lithography tools are closely related to

the use of higher electron energies (30–50 keV to maintain better pattern fidelity)

and higher electron current densities (to increase the throughput). Even more

critical, tighter beam specifications have become more and more important. Conse-

quently, the diagnostics and control of the e-beam parameters in the e-beam writer

are of fundamental relevance. One main problem of conventional Si pn-junction

detectors applied for the diagnostics of intense electron beams is the nonlinearity

between the incoming electron current and the detector response measured as an

output voltage after external signal processing. For typical electron beam current

densities of several ampere per square centimeter, ionization leads to the formation

of a nearly spherical volume with a high electron/hole (eh) concentration of

1017–1018 eh-pairs/cm3 (often called plasma cloud). During the characteristic

plasma time (some ns), this cloud screens the external field and eh-recombination

is favored. Standard Si detectors made from high resistivity Si (resistivity ~ kO cm)

which are characterized by a triangular field distribution with a maximum field

strength of only 2–3 kV cm�1 do not enable complete eh-separation without any

charge loss for the diagnostics of intense electron beams (the same problem as for

heavy ion detection). Because the plasma time is roughly inverse proportional to the

electric field strength an increase of the electric field is necessary to lower plasma-

based charge losses in such electron detectors. For this purpose, detectors with an

enhanced electric field strength of about 10–20 kV cm�1 have been fabricated in a

standard planar process including a high energy (MeV) ion implantation step with

nearly the same implantation parameters as used for heavy ion detectors.

Considerations concerning the ion energy are derived from the electron ionization

depth distribution shown in Fig. 4.28a.

The stopping power peak shifts from 1 mm to about 5.5 mm by increasing the

electron beam energy from 20 to 50 keV. Furthermore, for higher energies the

distribution is characterized by a larger width and a lower value of the stopping

power. As shown in Fig. 4.28b over the interesting depth the electric field strength

between 20 and 30 kV cm�1 can be easily varied by choosing an appropriate

implantation fluence in the range (1.0–2.5) � 1011 cm�2. As the HFR is formed

only at a small part (~3.5 %) of the larger p+n-junction area (52 mm2) implantation

masks suitable for MeV ion implantation are required. Low implantation fluences

allow to use thick film photoresist masks of 20–25 mm thickness. The fabrication of

the p+- and n+-layers (see Fig. 4.25) was carried out in a conventional procedure
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using ion implantation of B+ and P+ ions at 50 keV with fluences of 5 � 1014 cm�2,

respectively. Measurements of the linearity behavior of the electron detectors were

performed with electrons of 50 keV energy using different incident electron

currents (beam spot area A < 2 mm2). It was demonstrated that the linearity range

extends with increasing implantation fluence and increasing detector bias. For the

highest P+ ion fluence of 3.7 � 1011 cm�2, high e-beam currents up to 200 nA

corresponding to a very high current density of 20 A cm�2 have been detected

without significant charge carrier loss. If the linearity range is plotted versus the

electric field strength, a linear correlation was obtained (Fig. 4.29).

This behavior agrees with the assumption that deviations from the linearity are

caused by charge loss due to plasma related recombination, which is in first order

inversely proportional to the electric field strength [138, 139].

4.2.2 Ion Implantation into Germanium

Although the first transistor was made of germanium (Ge), today most integrated

circuits are fabricated using silicon substrates. The main reasons for the change

from Ge to Si are the excellent physical properties of the SiO2/Si interface which

are crucial in CMOS technology. Today SiO2 is increasingly replaced by high-k

dielectrics. This fact and the advantage that the carrier mobility in Ge is higher than

in Si (3,900 cm2 V�1 s�1 compared to 1,450 cm2 V�1 s�1 of Si) have led to a

renewed interest in germanium as a candidate for future integrated devices, such

as high mobility transistors [140] and high quality photodetectors [141]. For

successful device applications of Ge, however, low resistivity, shallow, and low

leakage germanium pn-junctions are required.

Fig. 4.28 (a) Stopping power due to ionization for electrons (E ¼ 20–50 keV) in Si and electric

field distribution for conventional deep diffused n+-region limited to about 2 mm. (b) Electric field
distribution of the HFR pn-junction detector with a buried implanted n(+) layer (31P+, 27 MeV)

determined for a reverse bias detector voltage of 30 V which represents different values of the

depletion layer width w (115, 80, 9.8 mm) for implantation fluences of 1.0, 1.6, and

2.5 � 1011 cm�2, respectively
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Recent investigations on the formation of ultra-shallow junctions by ion beam

processing have shown that p+-doping using B+ ion implantation yields junctions

that meet the requirements for the 22 nm technology node, whereas the formation of

n+p-junctions by P+ or As+ ion implantation is complicated by the high diffusivity,

the low solubility of these dopants in germanium, and by low activation of these

dopants and the difficulty in defect annihilation during subsequent annealing [142].

Ga+-implanted ions as p-type dopants in Ge are another interesting alternative for

shallow junctions because their higher atomic mass reduces both the ion straggling

and the channeling of the as-implanted profile, as demonstrated for P+ and As+ ion

implantation in Ge-MOSFET device fabrication [143]. Additionally, compared to

boron Ga has a very high solubility in Ge of ~5 � 1020 cm�3. However, Ga that

seemed to be very attractive for p-type doping suffers from an important dose loss

due to evaporation during annealing [142].

Because boron has a very low diffusivity in Ge the as-implanted profile defines

the pn-junction depth. For example, as shown in Fig. 4.30 for 6 keV B+ implanta-

tion into Ge at a fluence of 3 � 1015 cm�2 followed by RTA annealing up to a

temperature of 400 and 600 �C for 60 s no movement of B takes place and the as-

implanted and annealed profiles overlap [144].

Sheet resistance measurements showed that a higher activation level of

1 � 1019 cm�3 (dashed line in Fig. 4.30a) compared to the solid solubility of B

into Ge of 6 � 1018 cm�3 (full line in Fig. 4.30a, b) was reached. Therefore, results

for B+ ion implantation for p-type junctions in Ge are promising. To reduce boron

channeling (deeply extended tail of the boron profile into the bulk in Fig. 4.30a) an

amorphization of Ge over a depth of ~100 nm can be performed by self-

implantation of Ge+ ions at 100 keV and a fluence of 1 � 1015 cm�2. During

annealing the amorphous layer re-crystallizes by solid phase epitaxial Ge regrowth

with activation of B atoms onto substitutional sites. As shown in Fig. 4.30b, the

Fig. 4.29 Dependence of the linearity range of the electron detectors on the electric field strength

in the HFR. Different symbols for the same implantation fluence represent different detector bias

values
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activation level reaches 2 � 1020 cm�3 (dashed line), which is two orders of

magnitude above the equilibrium solid solubility (full line in Fig. 4.30a, b).

However, at the maximum of the implanted profile the boron concentration reaches

1 � 1021 cm�3. Evidently, an important part of the B atoms is not activated.

The application of Ga+ ion implantation to the fabrication of p+n-junctions in Ge

was recently investigated to study the diffusion behavior of the implanted Ga at

RTA annealing for 60 s in the temperature range of 300–700 �C with SiO2 capping

layers to prevent Ga outdiffusion during heat treatment [145]. The results suggest

that Ga has nearly the same diffusion behavior as B in Ge. Implanting Ga+ ions (40

and 80 keV, 3 � 1015 cm�2) into crystalline Ge, no diffusion was observed after the

RTA annealing at 300–700 �C. For annealing 60 s at 550 �C, an electrical activation
level of 4.4 � 1020 cm�3 was achieved which is close to the Ga solubility in Ge. Ge

preamorphization followed by SPER did not yield a higher activation level,

although ion channeling was suppressed. Additionally, an increased Ga diffusivity

in the amorphous phase was observed at temperatures>400 �C. The high activation
level and the absence of diffusion make Ga+ ion implantation in c-Ge to form p+n-

junctions very promising for implementation in a Ge technology.

The formation of n+-doped junctions by P+ ion implanation is more critical as

phosphorous and does not show a high level of active concentration. Maximum

concentrations of (5–6) � 1019 cm�3 have been reached, which are below its

equilibrium solid solubility of 2 � 1020 cm�3 [146]. It has been assumed that

most of the P atoms are not in an electrically active configuration and are possibly

paired with point defects such as vacancies. At phosphorous concentrations above

(2 � 3) � 1019 cm�3, the diffusion coefficient in Ge is dopant concentration

dependent leading to a box-like profile during annealing (Fig. 4.31) [147].

Fig. 4.30 6 keV B+, 3 � 1015 cm�2 as-implanted, and annealed at 400 and 600 �C for 60 s, boron

depth profiles in Ge measured by SIMS without (a) and with (b) preamorphization by a Ge implant

of 100 keV Ge + ions to a fluence of 1 � 1015 cm�2 [144]
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Prior to ion implantation of the profiles in Fig. 4.31, the samples were capped

with 10 nm SiO2 by sputter deposition. Preamorphization implantation (PAI) was

performed by Ge+ ions at energies of 150 keV and at a fluence of 1 � 1015 cm�2.

Phosphorous was implanted at 30 keV and 3 � 1015 cm�2 and rapid thermal

annealing (RTA) of the samples was performed at 400, 500, and 600 �C for 60 s.

Recently, for suppression of phosphorous diffusion and achievement of a high

activation degree at the same time, FLA in the ms range instead of RTA has been

applied [148]. Shallow n+ layers in Ge were formed by P+ ion implantation (30 keV,

3 � 1015 cm�2) and subsequent millisecond (3 and 20 ms) flash-lamp annealing. In

contrast to conventional RTA annealing, a high activation up to 6.5 � 1019 cm�3 is

achieved without any dopant redistribution and noticeable phosphorous diffusion.

Furthermore it was shown that the optimum of FLA treatment should not strongly

depend on the pretreatment by preamorphization implantation (PAI), preannealing

by RTA, and the solid phase epitaxial recrystallization (SPER) of amorphous

layers. The results suggest that independently of pretreatment the maximum acti-

vation should be obtained at a flash energy that corresponds to the onset of P

diffusion. To obtain a high electrical activation, the thermal annealing needs to be

carefully designed so that phosphorous can be effectively activated before diffu-

sion. Optimized RTA or FLA annealing process can yield a maximum active P

concentration of ~1 � 1020 cm�3, which is its solid solubility limit. Usual RTA

temperatures for Ge, about 400–600 �C, are used for less than 60 s.

In general annealing behavior for high fluence-implanted phosphorous, doping

levels can be quite complicated due to outdiffusion of phosphorous (losses to gas

phase or capping SiO2 layer), indiffusion deeper into the sample, and precipitation

Fig. 4.31 Phosphorous profiles after 60 s RTA at 400 �C (dashed/dotted line), 500 �C (dashed
line), and 600 �C (thick line). The as-implanted profiles are shown for comparison (dotted line).
Before annealing the thickness of the amorphous layer was 150 nm. The P profiles were measured

by SIMS
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of P-containing clusters at locations of peak concentration [149]. These undesirable

effects can be avoided if P+ ions are implanted to concentrations at the peak

activation level of �5 � 1019 cm�3 [143].

Compared to other n-type dopants phosphorous is preferred for the implantation of

highly doped n+p-junctions. This is related to the fact that high fluence implantation

above 5 � 1014 cm�2 of the heavier dopant ions (As, Sb, Bi) and also Ge for

preamorphization creates serious roughening of the surface, near-surface void forma-

tion, or even porous surface layers [150]. The formation of voids and clusters of voids

has been observed in Ge during ion implantation of heavy ions such as Ga, Ge, As,

In, and Sb into Ge at ion energies 	30 keV and fluences above ~1 � 1015 cm�2.

A complete surface coverage with cluster voids and pronounced porous layers often

appears at higher fluences of 	1.0 � 1016 cm�2 [150, 151]. The morphology of the

near-surface damage strongly depends on ion mass. For example, in the case of Ga+

and As+ ion implantation the induced surface roughness is purely a surface related

effect which can be prevented by adding a 10–30 nm SiO2 capping layer prior

implantation. In the case of In+, Sb+, and heavier ion (e.g., Bi+), implantation

subsurface void formation by the clustering of vacancies takes places. This subsur-

face void formation appears abruptly at fluences between 5 � 1014 and 1015 cm�2

and cannot be removed during subsequent thermal treatment. The initial void and

porous structure formation is discussed in the literature in terms of very effective

vacancy clustering [152–156] and “microexplosion” theories [157–159]. Neverthe-

less, results of extended investigations indicate that neither the vacancy clustering nor

microexplosion theory can solely explain void formation [151]. In summary, surface

roughening, near-surface void, and porous layers formation in germanium suggest

that ion implantation conditions must be chosen carefully in Ge-based device

processing with common p- and n-type dopants (Ga+, In and As+, Sb+, respectively)

and with Ge+ ions for preamorphization. Ion fluences above 5 � 1014 cm�2 could

result in void and porous layer formation which cannot be removed via annealing.

Among the increasing use in microelectronic technology, Ge with high doping

by ion implantation recently becomes interesting in research and development of

new Ge-based superconducting and spintronic devices [160, 161].

4.2.3 Ion Implantation into Compound Semiconductors

In comparison with group IV semiconductors (Si, Ge) ion implantation into III–V
semiconductors exhibits some peculiarities which are connected with the physical

properties of these compound materials. Nevertheless, ion implantation is exten-

sively used to fabricate n-, p-doped layers in III–V compounds because no reliable

diffusion technology exists due to the low evaporation temperature (already above

500 �C) of the group V species (As, P). Furthermore, the annealing for damage

removal and dopant activation is more complicated compared to Si and Ge (differ-

ent temperature regions for recrystallization, annealing of defects, and electrical

activation of implanted dopants [162–164]). It has been shown that it is much more
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difficult to obtain high degree of dopant activation in GaAs compared with Si, that

the achieved activation levels and mobility values of the carriers in some cases are

lower than the theoretically expected ones. Usually, the highest activation is

obtained if amorphization of the crystalline material is prevented and the best

electrical device performances are obtained using rapid thermal annealing (RTA)

in combination with suitable capping layers. RTA is chosen in the temperature

range 500–900 �C for some seconds. As mentioned, the surface of III–V wafers has

to be protected from thermal decomposition during annealing which is achieved by

dielectric layer deposition (e.g., of SiO2, S3N4, or Al2O3, etc.) and/or by same wafer

material proximity or the maintenance of group V over pressure in the annealing

ambient [165–167].

Ion implantation processes in III–V compound semiconductor technology were

developed for shallow n-type, shallow p-type doping, and for material compensa-

tion by deep level impurities in most commonly used GaAs, AlxGa1�xAs, InP,

In0.53Ga0.47As, In0.48Al0.52As, and InSb [168]. The most preferred implanted ion is

Si+ to obtain n-type doping because of its easy activation at relatively low

temperatures and its low diffusivity (e.g., DSi � 10�14 cm2 s�1 in GaAs). Other

possible ions for n-type doping are S+, Se+, Te+, Sn+, and Ge+, but they do not meet

demands on low diffusivity and thermal stability (S), low crystal damage (Se, Te,

and Sn), and high activation (Ge) [169]. For Si+ ion implantation, for example, into

the source and drain regions of GaAS-MOSFETS fluences of ~(1–5) � 1014 cm�2

at ion energies �200 keV are used. Implanted silicon is usually activated by rapid

thermal annealing at 850–1,000 �C (800–875 �C) and l–10 s for GaAs (InP,

InGaAs), respectively. At relatively poor activation of Si the maximum electron

concentration one can achieve in GaAs is limited to (2–3) � 1018 cm�3, whereas in

the case of InP an activation of 80–100 % has been obtained and the electron peak

concentration reaches ~1019 cm�3 [170]. At increased high Si+ fluences, to avoid

amorphization and to obtain higher Si activation, the implantation can be performed

at elevated target temperatures of ~200 �C. But also in this case the maximum

electron concentration is limited to �1019 cm�3. Another attempt to obtain high

electron concentrations is the co-implantation of Si+ and S+ ions. Both Si and S are

donor impurities in III–V compounds occupying group III and V lattice positions,

respectively. Using Si+ and S+ co-implantation, a maximum electron concentration

of 3 � 1018 cm�3 in GaAs and 2 � 1019 cm�3 in InP have been obtained. A high Si

activation giving an electron concentration of � 1019 cm�3 was observed in

In0.43Ga0.57As too [166].

For p-type doping of III–V semiconductors, the most preferred implanted ion is

Be+ with low ion mass (low crystal damage), but also other ions, such as Zn+, Mg+,

and Cd+, are often used. The p-doping by these ions is more problematic compared

to n-doping due to their relatively high diffusivity during annealing [165, 167, 171].

In contrast to n-dopants (Si+, S+, Se+, Te+, Sn+ ions), for p-type dopants (Be+,

Mg+, Cd+, Zn+ ions) implanted into GaAs, an activation close to 100 % can be

obtained for peak concentrations up to �2 � 1019 cm�3 [172]. It is interesting to

note that, in Ga-based III–V compounds the maximum achievable electron concen-

tration by donor implantation doping is limited to values of <4 � 1018 cm�3,
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whereas hole concentrations >1019 cm�3 can be easily achieved by acceptor

doping. In indium-based III–V compounds there is the opposite situation. Implan-

tation of nearly all ion species of group II, IV, VI, and inert gases into GaAs and

other III–V compound semiconductors have been reported in the literature.

High energy (MeV) ion implantation is extensively used in III–V compound

semiconductor technology (GaAs, InP) to obtain buried doped layers (Si+ implan-

tation), deep material compensation (high resistivity layers), and selective area

device isolation implants (O+ implantation) [170, 173, 174]. MeV O+ ion implanta-

tion is used in order to isolate thick multilayer device structures, for example in

heterojunction bipolar transistors and a variety of semiconductor lasers. As reported

in [173] the formation of high resistivity layers in highly doped n- and p-type

epitaxial GaAs (and InP) layers has been achieved in the fluence range of

5 � 1013–5 � 1015 cm�2 by 25–50 MeV O+ ion implantation with projected

ranges of these ions of 14.0 and 28.8 mm in GaAs, respectively. The sheet resistance

of thin (0.5 mm) epitaxial surface device layers exposed to such ions increases

roughly by two orders of magnitude with fluence in the range 1013–1015 cm�2 but,

depending on the initial doping concentration, may decrease slightly again at higher

O+ fluences. For the fabrication of buried, highly doped, layers in GaAs, an InP high

energy (30–70 MeV) Si+ ion implantation at ion fluences of 5 � 1014 cm�2 has

been also investigated [173]. From sheet resistance measurements it was concluded

that the electrical activation of implanted Si in GaAs and InP slightly increases by

~50 % with increasing ion energy from �200 keV to high energies of 10–100 MeV

for conventional Si+ implantation and high energy implantation, respectively.

Possible applications for high energy ion implantation are the fabrication of thick

(>4 mm) multilayer photonic devices such as quantum infrared detectors and III–V

semiconductor lasers which contain several different III–V materials and in which

low energy ions are insufficient to penetrate the active layer structure.

Among oxygen ion implantation, the compensation of III–V compound

semiconductors (radiation damage, local introduction of compensating deep or

mid-gap levels) has been achieved also by implantation of other chemically inactive

ion species such as H+, He+, Ne+, N+, etc. [168] or by implanting chemically active

substitutional impurities like transition metal ions (Fe+, Co+, Ti+, etc.). To create

deep compensation levels, implanted transition metal ions have to be driven into the

substitutional sites by annealing the material at (750–900) �C, whereas at light gas
ion bombardment the implantation damage itself provides these levels. Compensa-

tion by light ion bombardment has a poor thermal stability at temperatures above

500 �C, whereas substitutional compensation by transition metal ion implantation is

thermally stable enabling further processing of the material at high temperatures.

With improving crystal quality of the group III-nitride materials (GaN, AlN,
InN) ion implantation becomes an emerging doping technique in exploring new

dopant species and device structures. The reasons for recent intense research are

possibilities in fabrication of high brightness light emitting diodes as well as in

fabrication of electronic devices that operate at high power or high temperature

[175]. Already heterostructure field effect transistors, junction field effect

transistors, and heterojunction bipolar transistors have been demonstrated. For
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III-nitride ion implantation is used for improvement of device luminescence,

material doping, and local compensation in these materials [176]. Common dopant

ions for S/D formation in III-nitride FETs are Si+, S+, Te+, Be+, Mg+, C+, Ca+, and

Zn+, where for n-type doping mostly Si+ but also S+, Te+ ions (energy

100–600 keV, fluence 5 � 1014–5 � 1014 cm�2) and for p-type doping Be+,

Mg+, C+, and Ca+ ions (50–150 keV, (3–5) � 1014 cm�2) often with co-

implantation of P+ ions have been used. Channel implantation in III-nitride FETs

is carried out at lower fluences in the range of 1013–1014 cm�2. For the annealing of

crystal damage in GaN and activation of implanted impurities usually higher

temperatures of 	1,000 �C are necessary. Both conventional furnace annealing

and rapid thermal annealing (RTA) have been tried, using annealing temperatures

up to 1,200–1,500 �C. At such high temperatures, annealing of GaN is complicated

due to material decomposition (loss of nitrogen from the GaN surface), which

becomes pronounced for prolonged annealing times already at temperatures of

above 800 �C. Therefore, GaN surfaces have to be protected during annealing by

appropriate capping layers (e.g., AlN) or the annealing must be carried out under

high pressure N2 ambient. For example, it was shown that for Si+-implanted and

AlN-capped GaN a high activation with almost 100 % of Si on Ga sites can be

achieved at 1,100 �C, 15 s RTA annealing.

Most of the common acceptor and donor ions implanted into GaN show a very

low diffusivity at high temperatures [177], as shown, for example, for Si as a n-type

dopant in Fig. 4.32a and for Mg as a p-type dopant in Fig. 4.32b.

This behavior is important for the fabrication of GaN-based power devices such as

thyristors and insulated gate bipolar transistors that will require creation of doped well

or source/drain regions by implantation. The low diffusivities of implanted dopants in

GaN allow a quite precise control of the junction and there will be fewer problems with

lateral diffusion of the source/drain regions towards the gate. A comprehensive over-

view of ion implantation into GaN and related phenomena is given in [179].

Fig. 4.32 Depth profiles of Si+- (a) and Mg+-(b) implanted GaN before and after annealing at

1,400 and 1450 �C, respectively (the profiles practically coincide) [177, 178]
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O+ ion implantation into GaN has been investigated with respect to selective

area isolation between device structures. For this purpose multienergy O+ ion

implantation with different fluences has been applied, e.g., 50 keV,

1 � 1014 cm�2; 100 keV, 2 � 1014 cm�2; 200 keV, 3 � 1014 cm�2, resulting in

a total fluence of 6 � 1014 cm�2. At these implantation conditions the sheet

resistance of the as-grown GaN was increased approximately by six orders of

magnitude up to 109–1010 O sq�1 [180]. Selective area isolation in GaN can be

achieved also by implantation of n- and p-type GaN with Ti+, Fe+, or Cr+ ions

forming deep defect levels and insulating layers with maximum sheet resistances of

~1012 O sq�1 in n-type and ~1010 O sq�1 in p-type GaN.
The wide bandgap compound semiconductor SiC is the favored material for

high-temperature, high-power, and high-frequency device applications [181]. In the

last years, intensive research has been performed on n-type doping of SiC by N+, P+,

S+, and Sb+ and on p-type doping of SiC by Al+, B+, and Ga+ ion implantation

which is reviewed, for example, in [182]. Whereas N+ implantation has been mostly

applied in order to produce low resistivity, n-type SiC regions, the development of

efficient processes for p-type doping is still a challenging task. High fluence Al+

implantation seems to be the most promising procedure to fabricate low resistivity,

p-type regions in SiC and, therefore, many studies have been performed in this field

in order to find out the optimum conditions for the implantation and the subsequent

damage annealing. Compared to silicon processes, ion implantation into SiC

requires much higher temperatures at subsequent annealing (~1,200–1,800 �C) to
achieve acceptable electrical activation of donor or acceptor ions. Annealing of

implanted SiC needs to be performed in high-purity inert gas ambient such as argon.

High-temperature annealing in nitrogen ambient produces thin nitride layers on the

surface of SiC. One of the issues related to ion implantation is to achieve doping

levels of ~1019 cm�3 in order to get ohmic contacts with specific contact resistance

below 10�5 O cm [183]. Another issue is the need of high energy (MeV) ion

implantation to form deep p+n-junctions. Since introduction of dopants by thermal

diffusion is not possible in SiC, MeV ion implantation of acceptor ions (Al+, B+,

Ga+) is necessary to create p-wells for CMOS field-effect transistors and other

devices that require deep p-type regions [184]. Most of these ion beam processes

are based on carrying out implantation at elevated temperatures (~500–800 �C)
using patterned high-temperature masking materials (e.g., SiO2, Si3N4). The target

temperature during implantation promotes some self-annealing during the implan-

tation, so that damage and segregation of displaced Si and C atoms do not become

excessive, especially at high fluence implantation employed for ohmic contact

formation. Protecting the SiC wafer surface during implantation annealing is very

important. Annealing performed without SiC surface protection results in surface

roughening due to the sublimation and re-deposition of Si species such as Si, Si2C,

SiC2, etc. on the crystal surfaces. The Si sublimation results in SiC surface material

and implanted impurity loss during annealing [185]. For high-temperature

annealing above 1,400 �C, capping layers of SiO2 and Si3N4 are not applicable

due to their volatility at these high temperatures required for annealing implanted

SiC. AlN encapsulation has proved useful in protecting the SiC sample surface
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during postimplantation annealing up to 1,650 �C for 10 min [186]. The importance

of this capping layer at high-temperature annealing of SiC is demonstrated in

Fig. 4.33 where, for example, the depth profiles of As+- and B+-implanted SiC

after annealing with and without an AlN capping layer are shown.

The As profiles in Fig. 4.33a were achieved after a multiple As+ implantation

(20, 40, 80, 140, and 220 keV) with a total ion fluence of 1.2 � 1014 cm�2 at 800 �C
target temperature. For the B-profiles in Fig. 4.33b, the implantation conditions

were 50 keV, 8.8 � 1014 cm�2 at an implantation temperature of 700 �C.
It was demonstrated that N, P, and Al dopants are thermally stable in SiC during

postimplant annealing, with or without encapsulation. In the case of shallow As+

and Sb+ implantations, when the annealing was performed at 1,600–1,650 �C
without capping layer, more than 50 % of the implanted ions are lost due to

sublimation related surface damage, but these implantation profiles remained

thermally stable when annealed with an AlN capping layer. The AlN capping

layer could not prevent the out-diffusion of B near the SiC surface over a depth

of ~(50–100) nm (see Fig. 4.33b) and the redistribution of the B profile. It is

assumed that the redistribution is associated with the implantation-induced defects

and not with the defects created at the surface during annealing. Nevertheless, in the

case of a multiple energy B+ implantation over a depth of 0.7 mm the uniform B

concentration profile remained stable everywhere except at the surface [184].

Among conventional furnace and RTA annealing, FLA was used for crystal

recovery and activation of high fluence Al-implanted SiC wafers [187]. In compar-

ison with furnace and RTA, the free hole concentration can be remarkably

increased to higher acceptor atom concentrations (NA 	 1020 cm�3). Aluminum

was implanted into n-type SiC epitaxial layers at 400 �Cwith four different energies

and fluences in order to obtain a box-shaped (500 nm thick) profile with plateau

concentrations of Al up to 1.5 � 1021 cm�3. The samples were annealed in Ar

Fig. 4.33 SIMS depth profiles for (a) As+-, and (b) B+-implanted SiC before and after annealing

with and without AlN encapsulant [186]
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ambient by FLA at maximum sample temperatures during the flash (duration

20 ms) of about 2,000 �C. As demonstrated, FLA is a promising annealing tech-

nique for the formation of very high doped p+(Al)-layers in SiC-based electronic

devices because of the higher hole concentrations and lower resistivity as well as

the weak temperature dependence of the electrical material parameters for Al

concentrations 	5 � 1020 cm�3.

4.3 Ion Beam Synthesis of New Phases in Solids

Except the application of ion implantation in microelectronic device and integrated

circuit technologies ion beams became a valuable and innovative tool for

processing, for example, of advanced materials with novel electrical, optical, and

magnetic properties. At conventional low and medium fluence (<1016 ions/cm2)

ion implantation in microelectronics, the concentration of introduced dopants is

usually below their solubility limit in semiconductor materials. At certain annealing

temperatures the impurity atoms are solved in Si and located on crystal lattice sites

or, as a small part, remain as soluted interstitial atoms. If the concentration of

impurity atoms introduced by high fluence implantation (	1016 cm�2) exceeds

the solubility limit, ion implantation leads to a far-from-equilibrium state (supersatu-

rated solid) which relaxes towards thermodynamic equilibrium during subsequent

annealing by phase separation through precipitation and ripening (Ostwald ripening)

of nanoclusters (NC) [188].

Phenomenologically, ion beam synthesis (IBS) can be divided into several

stages, schematically shown in Fig. 4.34:

Accumulation and supersaturation. After ions have been slowed down by

electronic and nuclear stopping, they are incorporated into the target material.

Thermal activation at common implantation temperatures is usually too low to

allow impurity diffusion over larger length. The impurity distribution remains

frozen in, especially at low impurity concentrations.

Nucleation or early phase separation. Upon annealing, thermal fluctuations

could initiate phase separation through the (homogeneous) nucleation of

precipitates. The necessary energy barrier can either be reduced by heterogeneities

(defects) in the substrate giving rise to inhomogeneous nucleation or by consider-

ably higher supersaturations.

Growth. Second phase precipitates formed by nucleation grow as long as the

local monomer concentration is above the equilibrium concentration of these

precipitates. All precipitates grow on the expense of the reservoir of dissolved

impurity atoms.

Coarsening and Ostwald ripening. The monomer concentration decreases

during further annealing and a competitive coarsening process called Ostwald

ripening takes place. Large NCs grow on the expense of smaller one, which finally

dissolve.

168 4 Materials Processing



Coalescence and percolation. During NC growth, neighboring NCs might touch

each other and coalesce to a larger one. This process is more likely for very high

ion-fluence implantations aimed at the formation of buried continuous layers.

According to the classical nucleation theory (CNT) the initial supersaturation of

impurity atoms dispensed in a matrix is metastable and thermal fluctuations may

lead to the precipitation of second-phase nanocrystals. In general, the nucleation

rate I can be written as I ¼ A�exp(�W/kT), where W is the thermodynamic nucle-

ation barrier and A a dynamical factor increasing with impurity concentration. This

case is referred to as homogeneous nucleation. In contrast, the so-called inhomoge-

neous nucleation is triggered by system inhomogeneities, such as defects, grain

boundaries, interfaces, or impurities. The inhomogeneous reaction rate Ii ¼ Ai·exp

(�Wi/kT) can be much higher than the homogeneous one, since mostly, due to an

effectively lower interface energy contribution to the nucleation barrier, W > Wi.

According to classical nucleation theory, the energy barrier for homogeneous

nucleation decreases with increasing supersaturation and the nucleation rate

increases with the concentration of dissolved impurity atoms and (exponentially)

with temperature. The single second-phase precipitates nucleated from an initial

supersaturation interact with the initial phase by monomer exchange. Thereby, the

equilibrium concentration of monomers near the phase boundaries is reached if the

attachment and detachment rates are equal, which is also a function of the local

curvature of the phase boundary. For spherical precipitates, this relation is given for

the diffusion controlled case by the Gibbs–Thomson (GT) relation formula [189]:

cGTðRÞ ¼ c1 � e Rc
Rð Þ; Rc ¼ 2 � s � Va

k � T ; (4.8)

where c1 denotes the impurity equilibrium concentration at a flat phase boundary

(i.e., the solidus concentration), and Rc the capillary length given by the material

Fig. 4.34 Scheme of major stages at ion beam synthesis (IBS) of new phases. NCs nucleate and

grow during ion implantation or, for impurity atoms immobile during implantation, during

subsequent thermal treatment. The mean NC size as well as their spatial and size distribution

changes during Ostwald ripening. At very high fluences, buried compound layers can form by

coalescence of NCs
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parameters surface tension s and atomic volume Va. The precipitate will grow if the

average surrounding concentration �c is higher than cGT, the cluster acts as a sink for
the diffusing monomers leading to cluster growth. On the opposite, for a lower

average concentration �c of surrounding monomers compared to cGT the cluster

emits monomers and therefore acts as a source and will shrink, as shown in

Fig. 4.35.

In an early growth stage after nucleation all clusters will feeded from the

reservoir of dissolved monomers. At that stage the average monomer concentration

is still large compared to the equilibrium concentration cGT of the individual

clusters. The clusters do not interact directly with each other and the total volume

of the precipitated second phase increases in time at a constant rate. However, when

supersaturation becomes insufficient to dominate the system evolution, the system

tends to diminish its free energy via a decrease of the total interfacial area. This

minimization occurs by diffusional mass transfer from smaller (dissolving) to larger

(growing) precipitates, which results in an increasing average precipitate size but

decreasing total surface area. This stage of phase transition is also known as

Ostwald ripening [190] or coarsening. If the density of NC is high, it is possible

that NC touch, and then rapidly minimize their energy by surface diffusion of

adatoms, such that a larger spherical cluster emerges (coalescence). The theory of

Ostwald ripening, developed by Lifshitz and Slyozov [191] and byWagner [192], is

known as LSW theory. A more recent theory including the case of ripening during

ion-implantation can be found in [193–195]. The LSW theory predicts the time

evolution of the particle size distribution f(R, t) and yields in the asymptotic limit

t ! 1 the following temporal power laws:

RðtÞ ¼ kDR � t1=3 NðtÞ ¼ kDR � t�1 ðcoarsening regimeÞ (4.9)

for the time evolution of the average particle radius RðtÞ and the particle density

N(t). If the evolution is instead interface controlled, the growth law reads as

Fig. 4.35 Concentration profile of dissolved monomers near a precipitate. Depending on the

average monomer concentration the cluster grows at �c>cGT (a) or shrinks at �c<cGT (b)
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RðtÞ ¼ kDR � t1=2 NðtÞ ¼ kDR � t�3=2 ðdiffusion limited growth regimeÞ: (4.10)

The corresponding rate constants kDR can be found in [191, 192] and have been

reexamined for the more realistic case of nonzero solubilities and nonideal solution

[196, 197]. The LSW theory further predicts that the particle size distribution f(R, t)
is time invariant (for t ! 1) under the scaling of the average particle size R.

For the modeling of ion beam synthesis, atomistic approaches such as the kinetic

3D lattice Monte Carlo (K3DMC) method were developed by Heinig et al. (see

[195] and references therein) which allow to study the evolution of a given

distribution of impurity atoms in a neutral matrix also for a time-dependent

concentration of impurity atoms. An example of Monte Carlo simulations for

studying the NC formation and determining the nanoparticle size distribution is

shown in Fig. 4.36.

As can be seen in Fig. 4.36 the nanoparticle size distribution is in reasonable

accordance with the stationary form (LSW) of the particle radius distribution of

diffusion-limited Ostwald ripening (OR), but it is on the average somewhat smaller

and seems to be more symmetric.

In the above description effects of interfaces, surfaces, spacial gradients of

supersaturation, and the finite size of the supersaturation region were neglected

although they have a significant influence on the evolution of spatial and size

distribution of nanoparticles. So, the effect of sharp gradients in the initial concen-

tration of impurity atoms has been discussed by Reiss et al. [193] for ion beam

synthesis of buried SiO2 structures (see Sect. 4.3.1).

The division of IBS in all these stages is to some degree artificial. The borders

between the individual steps are rather ill-defined and depend on the specific

implantation and annealing parameters. Tailoring of the size and size distribution

of NCs could be achieved by a control of implantation parameters (ion energy, flux

Fig. 4.36 Histogram of the nanoparticle radius distribution with r ¼ R=R obtained by kinetic

Monte Carlo simulation of second-phase precipitation. Both stationary distributions of the LSW

theory are included [195]
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and fluence, sample temperature) and annealing parameters (temperature, time,

ambient conditions, etc.). Phase separation of ion-implanted, immiscible impurity

atoms from the surrounding matrix, i.e., the formation of NCs, can also occur

during the implantation process if the impurity atoms are sufficiently mobile due

to collisional ion mixing; otherwise a subsequent annealing is always necessary.

Phase separated precipitates or NCs can lead to significant modification of the

electrical, mechanical, magnetic, and optical properties of the host material. For-

mation of nanoclusters by ion beam synthesis (IBS) has been documented for a

large variety of ion species and host materials. The examples include metal NPs

[198] and semiconductor NCs in inert hosts [199], compound NCs formed as a

result of chemical reaction between the implanted and substrate atoms, e.g., silicide

formation for metal implantation into Si [200], metal alloys [201], and compound

semiconductors formed by co-implantation or sequential implantation of various

atom types, e.g., II–VI, III–V, or IV–IV semiconductor NCs in SiO2 [202], Al2O3

[203], or Si [204]. In the following chapters, selected examples of ion beam

synthesis with technological relevance, namely IBS of insulating and silicide layers

buried in silicon as well as ion beam synthesis of semiconducting nanocrystals in

insulators will be described.

4.3.1 Buried Insulating Layers in Silicon

An example for high fluence ion implantation into silicon where the concentration of

implanted ions exceed the solid solubility limit is the O+ ion implantation leading to

highly oxygen supersaturated silicon. During subsequent high-temperature annealing,

this state relaxes to thermodynamic equilibrium through phase separation into SiO2

and Si, SiO2 precipitation, Ostwald ripening of SiO2 precipitates, and their coales-

cence to a continuous buried SiO2 layer. This technique of ion beam synthesis was

called Separation by IMplanted OXygen (SIMOX) [205, 206] and is today well

established in microelectronic device fabrication to produce thin silicon layers of

high crystalline quality with an abrupt interface to a stoichiometric buried SiO2 layer

[207]. Similar IBS techniques were developed with high fluence nitrogen implanta-

tion (Separation by IMplanted NItrogen—SIMNI) [208, 209] and separation by high

fluence implantation of both oxygen and nitrogen (SIMON) [210].

In the frame of the SIMOX technology, the buried oxide (BOX) is synthesized

by internal oxidation following the deep implantation of O+ ions at high fluences of

1.8 � 1018 cm�2 into the crystalline Si substrate at elevated temperatures

(~500 �C) (Fig. 4.37). Annealing at high temperature (~1,300 �C, for some hours)

is necessary to recover a suitable crystalline quality of the top Si film. High current

implanters (100 mA, 180–200 keV) have been developed to produce 200 mm

wafers with good thickness uniformity, low defect density (except threading

dislocations with an areal density of 104–106 cm�2), sharp Si–SiO2 interfaces,

and high charge carrier mobility in the top Si device layer.

As shown in Fig. 4.37, during high fluence O+ implantation a Gaussian-like

distribution in the depth of the substrate is created which in the annealing stage
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redistributes into a rectangular shape and forms the desired buried layer. During ion

implantation and the subsequent annealing, different steps of evolution merging

into one another are run through. At the beginning an oxygen supersaturation in the

Si substrate is created, followed by the nucleation of SiO2 compound precipitates.

Immediately after nucleation, the SiO2 precipitates grow at the expense of the

oxygen supersaturation. Later on, while annealing is in progress, the mean radius

of SiO2 precipitates increases due to Ostwald ripening which diminishes the

interface energy. Finally, the SiO2 precipitates become so large that they may

overlap and coalesce towards a closed buried SiO2 layer, thereby further

diminishing the interface energy. Especially, the Ostwald ripening is recognized

as the principal mechanism for the redistribution of the implanted profile [193]. The

modeling approach for Ostwald ripening [188] for BOX layers gives consistent

results using the experimentally confirmed initial condition of a band of homo-

geneously distributed precipitates.

The evolution of the oxygen depth profiles during high fluence oxygen implan-

tation into silicon has been modeled by Maydell-Ondrusz and Wilson [211] and by

Jäger [212–214]. The model takes into account the change of the ion range profile

with changing target composition, the swelling of the target by the collected

oxygen, and the surface sputtering. If the implanted oxygen exceeds the SiO2

stoichiometry, initially at the profile maximum, the excess oxygen is assumed to

diffuse readily to substoichiometric regions, i.e., towards surface and bulk, thereby

oxidizing silicon in the interface region to SiO2. In this way, the shape of the

oxygen depth profile changes with the increasing fluence from Gaussian-like to flat

topped profile as shown in Fig. 4.38.

The model describes the modification of the profiles by in situ “internal oxida-

tion” during the implantation process. The microstructure of the top Si and buried

SiO2 layers as well as the redistribution of oxygen affected by postimplantation or

in situ annealings are not taken into account. Nevertheless, the calculations repro-

duce fairly well the thickness and the depth position of the buried oxide layer, but

Fig. 4.37 SIMOX process for BOX formation at 0.4–1.8 � 1018 cm�2, 100–200 keV,

1,320–1,350 �C, 6 h in Ar/O2
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allow only rough estimates of the width of the interphase region between the SiO2

layer and the single-crystal surface layer in the SOI substrates. The results shown in

Fig. 4.39 are considered to be of practical relevance. The thickness of the top silicon

device layer is shown in dependence on the implanted O+ fluence and for various

ion energies, and is in good agreement with available experimental data. The two

Fig. 4.38 Depth profiles of the oxygen concentration in samples implanted with 150 keV O+ ions

to various fluences. The theoretical results (solid lines) are given together with AES depth profiles

(dashed lines). The experimental profiles have been measured in annealed samples and these data

have been normalized by assuming a stoichiometric oxygen concentration for the plateaus [213]

Fig. 4.39 Surface silicon device layer thicknesses versus implanted oxygen fluence for various

implant energies [213]
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distances d1 and d2 given there indicate the width of the transition region to the

BOX layer. If with increasing implanted fluence the oxygen depth profile becomes

more and more rectangular, the two curves in Fig. 4.39 approach each other and

have the same slope. The thickness of the BOX layer is not shown since it depends

essentially only on fluence, but not on ion energy.

For considering the O+ ion fluence required to reach an oxygen-to-silicon ratio of

2.0 in the sample (so-called the stoichiometric fluence) it was concluded that the

stoichiometric fluence increases with increasing ion energy. At IBS of BOX layers

as substrates for SOI wafers, the material should receive fluences which exceed the

theoretical value given in [213]. Otherwise, no homogeneous SiO2 layer (usually

200–400 nm thick) but a mixture of amorphous SiO2 precipitates and Si

nanocrystals may be obtained. For ion energies E 	 150 keV the formation of

the oxide layer starts at a depth coinciding with the projected range Rp of the O+

ions in silicon. At these ion energies the effects of sputtering and changing ion

range compensate that of target widening (swelling).

To improve the quality of the BOX layers in SIMOX wafers, high-temperature

annealing in oxygen containing atmosphere for internal thermal oxidation (ITOX)

has been applied. At these annealing conditions the ion fluence can be significantly

reduced from 1.8 � 1018 cm�2 (for Si+, 200 keV) to 4 � 1017 cm�2 (low fluence

SIMOX) [215–217]. The ITOX process improves the stoichiometry of the BOX and

slightly increases the overall thickness of the buried oxide, which is shown in

Fig. 4.40.

The lower oxygen fluences are needed for large SIMOX wafers with ultrathin

silicon device layers and BOX layers for ultra-large-scale integrated (ULSI) CMOS

circuits and implies a considerable gain in IBS processing time and wafer cost. The

material properties for standard SIMOX and low fluence SIMOX wafers together

with the corresponding process parameters of ion beam synthesis are summarized in

Table 4.3.

The flexibility of ion beam processing allows also the fabrication of double

SIMOX structures with a Si device top layer and a Si layer sandwiched between the

two buried oxides which, for example, can serve for interconnects, wave guiding,

additional gates, or electric shielding. Furthermore, if the O+ ion implantation is

carried out through a patterned masking layer (e.g., patterned SiO2), laterally

isolated single-transistor islands and interrupted BOX layers as SOI regions

Fig. 4.40 Schematic representation of the ITOX process (low fluence SIMOX)
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integrated into a bulk Si wafer can be fabricated [218]. The advantages of ion beam

synthesis of buried SiO2 layers compared to other SIO techniques are that SIMOX

is compatible with silicon device processes (ion implantation and thermal

annealing). On the other hand, as a disadvantage high fluence implantation up to

~2 � 1018 cm�2 and high-temperature annealing up to ~1,350 �C require special

implantation and annealing equipment demanding attention to impurity contamina-

tion during both processes. Compared to crystalline Si bulk material remaining

crystal defects (e.g., threading dislocations) and SiO2 precipitates in the top Si layer

as well as pin holes, trapped charges, and Si precipitates in the BOX layer can

influence the electrical properties of devices fabricated in SIMOX wafers.

4.3.2 Ion Beam-Synthesized Silicide Layers

Using high fluence ion implantation, this problem can be solved and buried

crystalline silicide layers can be fabricated in both (111)- and (100)-oriented

substrates with satisfying electrical characteristics. The internal silicide growth

process during annealing after high fluence ion implantation is often called

“mesotaxy” by analogy with epitaxy which refers to single-crystal growth on

surfaces [219, 220].

The formation of metal-silicide layers in silicon by ion beam synthesis is a two-

step process, in which a sufficient amount of metal ions such as Co+, Ni+, Fe+, or Cr+

with high fluence is first implanted into heated Si substrates (300–500 �C) to retain

crystallinity during implantation. During the second step, the Si substrates are

subsequently annealed at elevated temperatures (600–1,000 �C) until a monocrystal-

line planar silicide layer epitaxially embedded inmonocrystalline silicon is formed. A

detailed description of these processes can be found, for example, in [200].

Table 4.3 SIMOX wafer material properties and process parameters

Wafer parameter Standard SIMOX LF-SIMOX (ITOX)

Wafer diameter �200 mm �300 mm

Si device layer thickness 210 nm 20–145 nm

Si device layer thickness uniformity �0 nm �2 nm

BOX layer thickness 375 nm 135, 145 nm

BOX layer thickness uniformity �10 nm �5 nm

Surface roughness 0.7 nm <0.15 nm

Dislocation density <103 cm�2 <103 cm�2

BOX pipe (pinhole) areal density <0.1 cm�2 <0.1 cm�2

BOX dielectric electric field breakdown >5 � 106 V cm�2 >7 � 106 V cm�2

IBS process parameters Standard SIMOX LF-SIMOX (ITOX)

O+ ion energy 150–200 keV �100 keV

O+ ion fluence 1.8 � 1018 cm�2 4 � 1017 cm�2

Implantation temperature ~500 �C ~500 �C
Annealing process 1,320–1,350 �C (Ar) 1,320–1,350 �C (Ar/O2)
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The most thoroughly investigated silicides with metallic behavior formed by ion

beam synthesis are CoSi2 and NiSi2 because of their superior material properties and

therefore of their possible applications as contacts and electrical interconnects in

silicon technology. CoSi2 and NiSi2 with a cubic CaF2 lattice structure have a lattice

constant which is close to that of Si and the lattice mismatches relative to Si amounts

to only �1.2 % for CoSi2 and �0.4 % for NiSi2 leading to well-controlled epitaxial

growth of crystalline layers in silicon. For ion beam synthesis of CoSi2, Co
+ ions in

the energy range of ~(100–250) keV high fluences of (1–5) � 1017 cm�2 are

implanted into silicon at a substrate temperature of 350 �C. The annealing is carried
out in two steps: at 600 �C for 1 h in vacuum (or inert gas atmosphere) to initiate the

silicide precipitation and regrowth of the silicon followed by a 1,000 �C, 30 min,

annealing step for the coalescence of the cobalt silicide precipitates to a well-defined

110 nm thick CoSi2 layer buried under a crystalline silicon overlayer with a

thickness of ~60 nm in the case of a 200 keV Co+ implantation [221]. Experimen-

tally it was found that for ion beam synthesis of buried CoSi2 layers a Co peak

concentration cpeak ~ 18 at.% is required. Therefore, at an ion energy of 200 keV ion

fluences exceeding 1017 cm�2 are necessary. For the 200 keV Co+ implantation

carried out at 350 �C, Fig. 4.41 shows the dependence of the Co peak concentration
on ion fluence in Si for as-implanted and annealed samples [222].

As can be seen, in the as-implanted state the Co peak concentration depends

linearly on the ion fluence up toF � 3 � 1017 cm�2 beyond which the dependence

becomes nonlinear. This value nearly coincides with the calculated value of

~2.7 � 1017 cm�2 at which the peak concentration achieves the composition of

CoSi2 [200]. In the region of linear fluence dependence, the synthesized layers after

implantation are Si-rich and consist of isolated CoSi2 precipitates. At a fluence

above 3 � 1017 cm�2, where the slope changes, the peak concentration reaches the

stoichiometric value for CoSi2 and epitaxial aligned CoSi2 layers are already

formed during ion implantation.

For samples annealed at T 	 1,000 �C, the dependence of the Co peak concen-

tration on ion fluence in the region of F < 1.8 � 1017 cm�2 increases compared to

Fig. 4.41 Co peak concentration in as-implanted and annealed (100)- and (111)-oriented Si

samples as a function of ion fluence for a Co+ ion energy of 200 keV [200, 222]
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the as-implanted state. At fluences above 1.8 � 1017 cm�2 a distinct discontinuity

appears in the slope and the Co concentration becomes constant where CoSi2 layers

of stoichiometric composition are formed. As can be concluded from Fig. 4.41 for a

critical Co+ ion fluence of Fcrit ¼ 1.8 � 1017 cm�2, the Co concentration in the

maximum of the implanted profile amounts to ccrit ¼ 19 at %. The criterion for the

peak concentration cpeak > ccrit where continuous CoSi2 layers can be formed by

IBS is only a necessary, but not a sufficient condition for the formation of a uniform

planar buried layer, because IBS depends on implantation and annealing conditions.

The epitaxial growth of CoSi2 during annealing is shown in Fig. 4.42 where Co

depth profiles obtained by RBS measurements for the as-implanted (170 keV,

2 � 1017 cm�2) and the annealed (1,000 �C, 30 min) are compared [223].

The steep increase and decrease of the Co concentration at the boundaries of the

buried silicide layer shows that this layer is very uniform and has sharp interfaces to

the silicon substrate. During growth of the silicide layer from the initial Gauss-like

depth profile, a depletion of Co occurs in the tails of the initial profile due to the

dissolution of Co from smaller silicide precipitates, followed by diffusion of Co

towards larger CoSi2 precipitates in the region of increasing Co concentration

(Ostwald ripening). The ripening leads to a contraction of the initial depth distribu-

tion towards the maximum concentration of the profile. With increasing annealing

time precipitates grow and finally coalesce to a continuous buried layer. For Co and

other silicides, the reaction is nucleation controlled and the moving species are the

metal atoms.

As confirmed by structural investigations (TEM) the single-crystalline CoSi2
layers have atomically abrupt interfaces in both (100)- and (111)-oriented Si. The

observation of misfit dislocations at the Si/CoSi2 interfaces indicates that

the silicide is not pseudomorphic with the Si crystal. The achieved resistivities of

Fig. 4.42 Co concentration profiles obtained from RBS measurements after 170 keV Co+

implantation of 2 � 1017 cm�2 and subsequent annealing at 1,000 �C for 30 min [223]
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the ion beam-synthesized CoSi2 layers in (100)-Si are about ~1 mO cm and lower by

a factor of two than those of the best UHV-deposited CoSi2 layers [224]. Because

the structural quality of the silicide layers is not as high as for MBE grown layers

this unexpected result may be due to the inherent cleanliness of the IBS process.

Since the silicide layers form beneath the surface of the silicon substrate prior

cleaning procedures of the Si surface are not critical. Moreover, the Co+ ions are

mass selected and do not contain common contaminants (e.g., oxygen, nitrogen,

carbon) present in typical evaporation sources.

For the other cubic disilicide NiSi2 similar results have been achieved [225,

226]. In general, ion beam-synthesized films of nickel disilicide have a much higher

residual resistivity than those of CoSi2, perhaps because of residual crystal defects,

but comparable to or better than MBE grown films. Since NiSi2 melts at 980 �C, the
annealing is limited to lower temperatures than for the CoSi2, which may be the

reason for some of the structural and electrical differences. The structural and

electrical characteristics of ion beam-synthesized NiSi2 films strongly depend on

the postannealing temperature and time. The poly-crystalline nickel disilicide

already forms during ion implantation with a fluence of 1 � 1017 cm�2 at a sample

temperature of ~100 �C. A good sheet resistance of NiSi2 film correlated with the

Si/Ni ratio has been achieved at ion fluences of ~1 � 1017 cm�2 and subsequent

annealing at 550 �C for 30 min. The achieved minimum sheet resistance of NiSi2
layers is in the order of 50 mO cm and somewhat larger compared to CoSi2. The

thickness of a buried silicide layer can be tailored by the choice of the ion energy

and the ion fluence. If the implanted ion fluence exceeds the threshold value Fcrit

nearly all the implanted atoms will be located in the synthesized layer after high-

temperature annealing. The thickness d of the buried layer depends linearly on the

ion fluence F and is given by d ¼ F/n for F > Fcrit where n is the atomic density

of the metal atoms in the silicide. Layers in the thickness range between 15 and

400 nm have been prepared, using ion energies between 20 keV and 6 MeV.

Ion beam synthesis of other metallic silicides has been also investigated, for

example, WSi2 with regard to the possibility of using them as a gate and intercon-

nect metallization material in semiconductor devices [227]. It was shown that good

sheet resistance of tungsten silicide films is achieved and continuous epitaxial

layers of WSi2 with smooth surface morphology can be effectively produced with

40 keV W+ ions at an ion fluence of 1 � 1017 cm�2 with a one-step annealing at

800 �C for 30 min. The ion beam synthesis of semiconducting transition metal

silicides (CrSi2 [228], b-FeSi2 [229]) and Ru2Si3 [230] has been studied extensively
because of their direct or indirect band gap in the order of ~(0.3–0.8) eV and of

promising applications in silicon heterostructures (e.g., narrow base hetero-bipolar

transistors) and optoelectronic devices in silicon (e.g., efficient light sources in

silicon). Ion beam-synthesized rare earth silicides (ErSi2 [231], and ErSi1.7, YSi1.7,

and Er0.5Y0.5Si1.7 [232]) are of technical interest with regard to application in

infrared light detection and in ohmic contacts.

As minimum feature sizes decrease in integrated circuit technology, ion beam

synthesis of silicides without the requirement for a defining mask to delineate the

implanted area can be carried out with a focused ion beam (FIB) [233–235].
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The FIB implantation of Co+ ions is an alternative to the critical and costly process

of transferring submicrometer patterns where the masking layer must withstand

high-fluence implantation. As has been demonstrated the ion beam synthesis of

CoSi2 structures by FIB with deep submicron feature sizes can be achieved either

by conventional two-step furnace annealing or by short-time flash-lamp annealing

(FLA) in the melting regime. At FLA the common physical process of CoSi2
precipitation and coalescence is replaced by the physical process of local

melting and recrystallization [236]. During FLA (3 ms pulse, energy density

J ¼ 120 J cm�2, 700 �C preheating) regions of transiently molten silicon are

selectively formed at locations where the implanted patterns provide efficient

nucleation centers. The implanted Co dissolves in the molten region immediately.

During rapid cooling of the wafer surface, the recrystallization of molten regions

lasts only a fraction of a second. During resolidification, the strong segregation of

Co at the moving solid–liquid interface results in an increase of the Co concentra-

tion in the melt. This process stops when the eutectic concentration is reached

which is close to the concentration of Co in the stoichiometric CoSi2. The final

width of the CoSi2 NWs is proportional to the amount of implanted cobalt within

the transiently molten region, assuming the formation of a stoichiometric silicide in

the stripe.

With the FIB a small beam spot (typically <200 nm in diameter) is rastered

across the sample to form the implanted silicide. Compared to conventional broad-

beam ion implantation with ion current densities of ~10 mA cm�2 the current

densities of FIB systems are typically ~1 A cm�2. At such high current densities

ion fluence rate (ion flux) effects at implantation into Si for ion beam synthesis must

be taken into account [234]. It was found that the damage of the Si lattice has a

strong influence on the CoSi2 layer formation and that the increased damage

accumulation at long dwell times of the FIB prevents the formation of continuous

CoSi2 layer. Cobalt disilicide layers have been produced by 70 keV Co++ implan-

tation with a spot size of 200–300 nm into silicon heated to a temperature of 400 �C.
The beam was scanned meander-like on an area of 40 � 40 mm2 using subsequent

pixels with a distance of 80 nm. The total fluence was about 1 � 1017 cm�2,

corresponding to 3 � 101 and 3 � 103 frames at dwell times of 100 and 1 ms,
respectively. The samples were furnace annealed by the usual two-step procedure

for 60 min at 600 �C and 30 min at 1,000 �C in a nitrogen atmosphere. The annealed

samples show that continuous CoSi2 layers can only be formed using sufficiently

short pixel dwell times of the FIB spot (see Fig. 4.43).

When the dwell time is increased, the layers exhibit holes and are completely

disintegrated at a dwell time exceeding 100 ms. The use of short dwell times results

in a lower damage of the target. For example, for the implantation using 1 ms dwell
time the silicon surface layer remains crystalline, whereas for a dwell time of 250 ms
the surface layer becomes amorphous. Thus, it was concluded that different dwell

times (ion fluxes) result in a different degree of damage due to dynamic defect

annealing.

Co+ ion implantation with a FIB was applied in [235] to study ion beam

synthesis of CoSi2 nanowires (NW) in silicon (see Figs. 4.44 and 4.45). Two
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mechanisms of CoSi2 nanowire formation were investigated: first, conventional

synthesis by Co++ FIB implantation at elevated temperatures into silicon along in-

Fig. 4.43 Plane view SEM images of the influence of different FIB dwell times on CoSi2 layer

formation. (a) CoSi2 layer fabricated with a short pixel dwell time of 1 ms. The layer is continuous
and smooth. (b) The dwell time is increased to 50 ms and the layer shows some holes and an

enhanced roughness. (c) Increase of dwell time to 100 ms leads to totally disintegrated layer.

Experimental parameters are: (111) Si substrate, fluence of 1 � 1017 cm�2, ion beam spot size of

300 nm, ion current density of 1 A cm�2 [234]

Fig. 4.44 CoSi2 nanowires in (100)-Si (a), in (111)-Si with a small misalignment (b), and with a

misalignment angle of about 15� (c). The Co++ FIB implantation fluence was 1 � 1017 cm�2 [235]
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plane h110i Si crystal direction and subsequent conventional two-step annealing,

and second, self-aligned CoSi2 nanowire growth in cobalt supersaturated silicon on

defects induced by FIB at room temperature during subsequent annealing.

Conventionally synthesized NWs (Co++, 60 keV, 1 � 1017 cm�2) showed

lengths of 10–20 mm and diameters of 100–150 nm in the case of FIB implantation

along the chosen h110i direction. A small deviation of the FIB trace from this

direction leads to a decay of the NW into shorter fragments and larger angles of FIB

trace misalignment cause the formation of chains of more or less prolonged CoSi2
nanoparticles. Further reduction of the NW diameter was expected by decreasing

the concentration of Co atoms implanted in silicon at the same FIB spot. NWs

synthesized at lower fluences of 1 � 1016–7 � 1016 cm�2 are not stable and decay

into shorter NW fragments with a diameter of about 50 nm. Moreover, because of

the existence of the other h110i crystalline directions crossing the FIB trace, there is

a certain probability of spontaneous and self-aligned NW growth in these two

directions. This effect has been explained by the existence of the well-known

{311} defects in silicon induced during FIB implantation [237]. These defects are

closed between two {311} planes and are elongated in the h110i direction. During
annealing the implanted and solved Co atoms diffuse and can be gettered in the

{311} defects. They react with silicon and form silicide precipitates along these

defects, i.e., along the h110i direction which is the most preferable direction for the

one-dimensional CoSi2 crystalline structure growth. This process stabilizes the

Fig. 4.45 CoSi2 NW in (100)-Si implanted with a fluence of 7 � 1016 cm�2 (a) and in (111)-Si,

implanted with a fluence of 3 � 1016 cm�2 (b) [235]
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defect structure and hinders dissolution of the rod-like defects. Subsequent Oswald

ripening of the silicide precipitates along this h110i direction leads to the formation

and alignment of initial oblong CoSi2 nanoparticles at the defect position. During

further heating the solved cobalt atoms are still available around the nanoparticles

and diffuse to them promoting the growth of crystalline CoSi2 NWs. This finally

results in the formation of some micrometer long NWs. In contrast to conventional

ion beam synthesis of CoSi2 NWs by high-fluence FIB implantation along a narrow

trace, the defect induced and self-aligned NWs seem to be more stable.

4.3.3 Ion Beam Synthesis of Nanocrystals in Insulators

With the combined utilization of ion–solid interactions that lead to far-from-equilib-

rium states and thermodynamic processes resulting in relaxation toward equilibrium,

tiny nanostructures [often called nanoparticles (NP), nanoclusters or nanocrystals

(NC)] of controlled composition can be formed in virtually any matrix. Still, the size

of the nanostructures obtained in this self-organization approach is much below the

capabilities of present days direct structuring techniques, as, e.g., extreme ultraviolet

optical lithography or direct writing electron beam lithography. By now literature

contains a wealth of publications on different ion–matrix combinations that poten-

tially might trigger applications of these novel nanoscale materials [238–242]. The

properties of nanoparticles are dominated mainly by two effects:

1. Increasing surface energy associated with increasing surface-to-volume ratio for

small NPs which determine their physical and thermodynamic properties (e.g.,

melting point, solid phase transition, and bulk modulus)

2. With decreasing NP size change of the band structure (e.g., transition from

indirect to direct semiconductors, widening of band gap) and electron confine-

ment in NPs

Both effects lead to novel electronic properties showing a wide range of effects,

for example, large nonlinear optical susceptibility of metal nanoparticles, effective

photoluminescence, and charge storage properties of semiconducting NPs.

Ion beam synthesis of metal NPs (e.g., Au, Ag, Cu) in an inert dielectric medium

(e.g., SiO2, Al2O3) concerns to change or improve the properties of optical

materials such as reflectivity, absorption, refractive index, and luminescence.

This application of IBS is driven by the demands on optical materials with higher

data transfer velocity and the fabrication of purely optical devices and integrated

circuits. For example, metallic NPs in a dielectric matrix enhance the third-order

susceptibility near the surface plasmon resonance frequency (see, for example

[243]). Due to the nonlinearity in the refractive index caused by this effect, these

systems have attracted much interest for use in all-optical switching devices.

Additionally, the frequency of light absorbed by these metallic NPs shifts to shorter

wavelengths as a function of decreasing NP size. Thus, measuring the absorption

spectra of an ensemble of embedded NPs is an indirect method of determining their

size. Typical process parameters in fabrication of metallic NPs for changing of
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linear absorbance, luminescence, and producing of nonlinear optical effects are

summarized in Table 4.4.

At ion beam synthesis of metal NPs in optical materials the ion energy is chosen

in a broad range from some tens of keV up to some MeV with corresponding high

fluences in the range of ~1 � 1015–1 � 1017 cm�2 to achieve impurity concentra-

tion in the order of (1–10) at % in the maximum of the implanted profile. The

annealing conditions are selected specifically for the kind of implanted metal ions.

The NP growth kinetics and the NP size distribution are significantly influenced by

the implantation as well as annealing parameters. In contrast to Au, the NP

formation during ion irradiation without subsequent annealing is more pronounced

for Cu (and sometimes for Ag) ions implanted into silica. Annealing for the

formation of certain Ag and Au NP cluster sizes is usually carried out at

(400–700) �C and (600–1,200) �C, respectively. The influence of the target tem-

perature during implantation into quartz glass and the ion current density on the NP

size distribution has been investigated in [244, 245]. At room temperature implan-

tation and at relatively low ion current densities a more sharp NP size distribution

with a mean NP diameter of (5–10) nm is formed. With increasing both the target

temperature Ti and ion current density j, the NP size rises up to (25–30) nm with a

broader distribution.

For Cu the distribution of NP size in dependence on the impurity concen-

tration in the maximum of the Cu depth profile shows a linear behavior with

dNP(nm) ¼ 0.15 NCu(cm
�3) [246]. For example, such correlations are helpful in

tuning the metal NP sizes during IBS.

The formation of Ag NPs has been observed already at 150 keV Ag+ ion

implantation into different types of glasses without annealing where the mean cluster

diameter is in the range of 6–40 nm for ion fluences of 2 � 1016 cm�2 and

7.6 � 1017 cm�2, respectively [247, 248]. For Ag NPs it was found that the chemical

composition of the glass can influence the NP growth and the final size distribution.

Subsequent annealing of Ag+-implanted glasses leads to dissolution of large NPs into

smaller ones and at higher annealing temperatures (or heated samples during implan-

tation) and to an increased Ag solution in the glass matrix [249].

Table 4.4 Implantation and annealing conditions at IBS of Cu, Ag, and Au NPs

Process parameter Cu Ag Au

Energy E (keV) 30–160; 3,500 50–300; 3,500 1,500–4,400

Fluence F (cm�2) (1–10) � 1016 (0.1–60) � 1016 (0.1–15) � 1016

Current density j (mA cm�2) 0.7–10 0.2–14 0.5–2.0

Target temperature Ti (
�C) RT–1,100 RT–600 LN2, RT-600

Annealing temperature TA(
�C) – 400–700 700–1,200

Annealing time tA (h) 1 (at implantation) 12 ns–1 h 0.5–36

Annealing atmosphere Vacuum (implant.

chamber)

Vacuum (implant.

chamber)

Air, O2, Ar + 4% H2

(furnace)
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The IBS of Au NPs is usually carried out using MeV Au+ ion implantation with

fluences 3 � 1016–1.5 � 1017 cm�2 where the nucleation and NP growth depend

on implantation temperature Ti and ion current density j [250, 251] and can be

additionally changed at subsequent annealing. In the as-implanted state, Au NPs

with a mean size of <5 nm have been observed. During subsequent annealing at

(900–1,100) �C, the mean Au NP size increases up to ~30 nm. Investigations of the

NPs growth kinetics showed a time dependence of the NP growth with R 
 ðtÞ1=3,
which is typical for Ostwald ripening. Kinetic 3D lattice Monte Carlo (KLMC)

method has been applied to describe nucleation and growth of Au NPs in SiO2

[252]. This system is well suited for fundamental studies of the mechanisms of NP

formation, because (1) Au does not tend to form an oxide or silicide since Au atoms

are chemically inert with respect to the constituents of the host material and (2) Au

is observed to precipitate during the implantation stage. The basic dependences of

the depth-dependent NC size distribution on the main implantation parameters, i.e.,

the implantation temperature Ti and the ion current j (ion flux) have been modeled.

Using the KLMC model, the principal dependences of the observed particle size

distributions can be understood and are qualitatively in good agreement with

corresponding experiments.

In Fig. 4.46 fused silica or thermally oxidized silicon wafers with an oxide

thickness of 1.7 mm were implanted with Au+ ions at an energy of 2.75 MeV to

fluences in the range of 3 � 1016–1 � 1017 cm�2. At this energy the projected

range of the Au+ ions is about 0.9 mm. The current density j was approximately

1 mA cm�2 and the substrate temperatures during implantation Ti have been varied

Fig. 4.46 Left: Cross-section TEM images of 2.75 MeV Au+-implanted fused silica for a fluence

of 1.5 � 1017 cm�2 and implantation temperatures at (a) room temperature, (b) 400 �C, and (c)
600 �C (TEM images were taken from the central region of the implanted profile). Right: KLMC

simulation results of Au NP formation during ion implantation. (d)–(f) show the NC distributions

immediately at the end of implantation for the investigated parameter Ti and a constant j (taken
from [252])
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from room temperature to 600 �C. As shown in Fig. 4.46 a qualitatively good

agreement between simulated and experimentally observed NC size distributions

has been observed with respect to the different implantation temperatures.

In many publications among the structural (NP size and distribution) and chemical

properties (compound formation, embedding into the host matrix), the optical

properties have been investigated intensively, for example in [238, 245, 251, 253].

It must be mentioned that for ion beam-synthesized metallic NPs a volume fraction of

NPs in the range of (1–10) % can be achieved. This value is by a factor of 103–104

higher compared to incorporation of colloidal NPs during glass melting at thermody-

namic equilibrium. Consequently, one can expect approximately the same absor-

bance of a 0.2 mm thick ion beam modified layer compared to ~1 mm thick

conventional optical glasses.

In contrast to metallic NPs, semiconducting NPs (Si, Ge) show for sizes of a few

nanometers pronounced luminescence, due to the fact that with decreasing NP size

the electronic band structure changes and direct electron transition into the conduc-

tion band becomes possible. As an example, the size-dependent energy gap for Si

NPs is shown in Fig. 4.47, which inherently affects the electronic and optical

behavior of ion beam-synthesized NPs.

The recombination of electrons into the valence band is accompanied by photo-

emission (photo- or electroluminescence). Due to the tininess, the NP can be

considered as a “quantum dot,” i.e., its electronic states are quantized and the

density of states is singular, i.e., an electron can occupy the quantized energy

level. The energetic spacing between neighboring energy levels increases with

decreasing cluster size. For an insulating matrix surrounding the NP, the NP can

be regarded as a potential well of finite depth. In this context, the NP acts as a trap

for electrons or holes, since it confines them. This effect of quantum (or rather

electron/hole) confinement is a principal aspect of semiconducting NPs for

Fig. 4.47 The band gap energy as function of the NP radius shown for spherical Si quantum dots

[254]
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electronic and opto-electronic applications in charge carrier storage and electrolu-

minescent devices, respectively. So, band-to-band recombination of confined

excitons in the NCs yields a near-infrared luminescence which is much more

efficient than that of bulk silicon (photoluminescence quantum efficiency of

about 59 % [255]). Moreover, the surface-to-volume ratio of NPs is significantly

larger in comparison with bulk materials which implies that the electrical and

optical properties of the NPs are remarkably determined by NP surface or rather

NP-insulator interface contributions. Si (and also Ge) nanocrystals (NCs) are a very

promising material in silicon-based memory and optoelectronic technologies (e.g.,

Si NC-based laser devices [256] and photovoltaic solar cells [257]) fully compati-

ble to modern complementary metal oxide semiconductor (CMOS) processing.

The development of luminescing device structures based on ion beam-

synthesized Si and Ge nanocrystals in a well-controlled fabrication process requires

information about the depth distribution of the nanoclusters embedded usually in

the SiO2 layer thermally grown on silicon. Implanted metals (e.g., Au, Ag, Cu) in a

glassy or SiO2 matrix often show a significant redistribution after thermal treatment

with preferred accumulation of metal NPs at the surface or internal interfaces (e.g.,

[258]). On the contrary, the low diffusion coefficient of Si and Ge in SiO2 suggests a

depth distribution of semiconductor nanoclusters, which corresponds to the as-

implanted profile [259, 260].

The implantation (ion energy and fluence) and annealing (temperature and time)

conditions at ion beam synthesis of Ge and Si NPs depend on the provided

application and on the substrate material. As substrates often fused silica, sapphire

and SiO2 layers thermally grown on silicon are used. For optical and electronic

device applications, thermally grown SiO2 is the common insulator material,

allowing the device and circuit fabrication in a CMOS compatible process.

Depending on the SiO2 layer thickness, the Si
+ and Ge+ ion energies are used in a

wide range from low to high ion energies (1 keV–1 MeV) at relatively high ion

fluences in the order of ~(1–10) � 1016 cm�2. The phase separation through

precipitation and Ostwald ripening is achieved usually at annealing temperatures

of TA � (600–1,200) �C in inert gas atmosphere using RTA or furnace annealing

for tA � (30–300) s and � (0.5–4) h, respectively. In contrast to the formation of

metallic NPs in a glassy matrix, the ion current density during ion implantation does

not have an observable influence on NP size and size distribution. However, the

impurity redistribution and NP evolution can be strongly influenced by the

annealing ambient as has been reported in [261] for Ge-implanted SiO2 layers.

The origin of this behavior is the in-diffusion of an oxidant from the annealing

atmosphere, which changes substantially the Ge depth profile and NP distribution.

It should be emphasized that even for atmospheres having oxidant (moisture)

concentrations as low as a few ppm, such unusual Ge redistributions have been

found [262]. These effects of influence of the annealing ambient, for example, on

the microstructure of Ge-implanted SiO2, have been studied by annealing in N2, Ar,

or dry O2 atmospheres with different concentrations of chemical reactive

components (H2O, O2). 500 nm thick SiO2 layers thermally grown on (100)-

oriented Si wafers were implanted with 350 keV Ge+ ions and fluences between
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5 � 1015 and 5 � 1016 cm�2, which results in peak concentrations of implanted Ge

of (0.4–4.0) at.%, respectively. The annealing was performed at 950, 1,000, and

1,100 �C in a standard furnace for 15–180 min using the “inert” gases of N2, Ar, or

the “reactive” gas of dry O2 (all of 5.0 purity). In Fig. 4.48 the Ge depth

distributions measured by RBS are shown. The as-implanted Ge profiles are located

inside the SiO2 layer, i.e., the Ge concentrations at the surface and the Si/SiO2

interface are below 1 % of the peak concentration.

For both fluences the RBS spectra show unusual changes in the Ge depth

distributions after annealing at 950 �C in N2. Three well-separated peaks are

found, whose separation from each other increases with increasing annealing

temperature. The width and height of the central Ge peak decrease and the two

satellite peaks grow. As it has been shown by STEM-EDX analysis [263], the Ge at

the Si/SiO2 interface is located within a thin Si layer at the Si/SiO2 interface where

it forms a few monolayers of a Si–Ge alloy. At the higher annealing temperature of

1,100 �C, Ge diffuses partly into the Si substrate as it can be expected from the

complete miscibility of Ge and Si. After annealing (see Fig. 4.49b, c), in the center

of the SiO2 layer Ge NPs appear which are related to the central peak in the RBS

spectrum (see Fig. 4.48b).

For the Ge nanocluster distribution of Fig. 4.49c, a mean cluster size of 6 nm was

observed, which is in good agreement with the mean cluster size of (6.4 � 0.7) nm

measured by XRD. Towards the SiO2 surface, the Ge cluster band is terminated by

a very narrow (11.1 nm) edge region, which is in contrast to the smooth tail of

nanoclusters facing the Si substrate. No Ge clusters were found between the sharp

edge of the cluster band and the SiO2 surface, where a pronounced subsurface peak

Fig. 4.48 Ge concentration

profiles obtained from RBS

spectra of 500 nm thick SiO2

layers on Si which were

implanted with 350 keV Ge+

and subsequently annealed in

N2 for 1 h. (a)
F ¼ 1.5 � 1016 cm�2, (b)
F ¼ 5.0 � 1016 cm�2 [262]
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of Ge was observed by RBS (Figs. 4.48 and 4.49). XPS measurements reveal that

Ge 2p3/2 photoelectrons coming from the central, cluster-related peak and from the

interface peak can be attributed to elemental Ge, whereas the energy of

photoelectrons from the subsurface peak is shifted indicating Ge–O bonds [264].

The Ge redistribution and nanocluster evolution of identically implanted but Ar

annealed SiO2 layers are quite similar to the samples annealed in N2. However, the

Ge redistribution can be largely suppressed by the deposition of a 20 nm thick

capping layer of LPCVD-Si3N4 on top of the SiO2 layer before ion implantation.

The disappearance of the drastic Ge redistribution during annealing in samples

protected by a diffusion barrier underlines the strong influence of the annealing

ambient on Ge and Si NP formation in SiO2. After annealing in dry O2 for 15 min

(Fig. 4.50a) the general features of the NP depth and size distribution appear to be

similar to samples annealed in N2 (Figs. 4.48 and 4.49) or in Ar. However, the

evolution of NPs is faster and/or occurs at lower temperatures. At longer annealing

times (30 and 45 min) the sharp edge of the NP band of elemental Ge shifts

progressively into the depth of the layer. In contrast to annealing in N2 (or Ar),

on the rear side of the moving sharp edge of the Ge NP band a layer of diffuse

precipitates was observed (Fig. 4.50b, c).

In comparison to annealing in N2 (or Ar), annealing in dry O2 increases the

surface concentration of the oxidant by orders of magnitudes which

overcompensates the smaller diffusivity of O2 compared to H2O. Thus, the zone

of GeO2 formation shifts towards the edge of the nanoparticle band. Finally, the

arriving oxidant cannot be consumed completely by dissolving Ge which results in

direct oxidation of Ge nanocrystals. These GeO2 nanoclusters can be seen in the

TEM images of Fig. 4.50d. Due to their lower specific Ge density and amorphous

structure, they can be distinguished from Ge NPs by a lower Z-contrast, diffuse

boundaries, and the absence of lattice plane imaging by HRTEM. For the explana-

tion of Ge redistribution due to chemical effects, the following model was proposed

[262]: Ge+ ion implantation forms a highly supersaturated solution of Ge in SiO2.

Fig. 4.49 Cross-sectional

TEM micrographs of 500 nm

thick SiO2 on Si implanted

with 5 � 1016 cm�2 at

350 keV prior to annealing (a)
as well as after annealing at

950 �C for 1 h (b) and
1,100 �C for 1 h (c) [262]

4.3 Ion Beam Synthesis of New Phases in Solids 189



At the initial stage of annealing most of Ge (Si) precipitates to tiny Ge NPs, whereas

a small fraction of Ge (Si) remains dissolved in SiO2. The concentration c of

dissolved Ge (Si) around a nanoparticle is given by the Gibbs–Thomson relation

(4.26). In an ensemble of nanoparticles, the average supersaturation c� csolh iav is
proportional to 1/Rav, where Rav is the mean NP radius. During annealing an oxidant

(e.g., moisture) can diffuse into SiO2 where it oxidizes dissolved Ge (Si). Assuming

for both species comparable diffusion coefficients, the zone of GeO2 formation

should be between the surface and the cluster band. This explains two features of

the experimental data: (1) As the oxidant reacts with Ge dissolved in SiO2, the

resulting GeO2 does not form NPs within the SiO2 matrix. Thus, the Ge

accumulated there as GeO2 can be seen as a peak in the RBS spectra, however

NPs were not observed in cross-sectional TEM images. (2) The small distance

between the sink (the zone of GeO2 formation) and the source (the layer of Ge NPs)

of Ge monomers leads to a steep gradient of dissolved Ge. Therefore, an effective

dissolution of nanoparticles occurs only within a narrow layer of the nanoparticle

band whose width is in the order of the diffusional screening length

l ¼ ð4pRavnNPÞ�1=2
, where nNP is the NP density. Estimating Rav from Fig. 4.49

and calculating nNP with the aid of the implanted fluence, the diffusional screening

length can be calculated to be l ¼ 10 nm. This value is in excellent agreement with

the width of the edge of the nanoparticle band. At the Si/SiO2 interface (see

Fig. 4.48) the concentration c of Ge dissolved in SiO2 is lower than csol because
the Ge–Si bond strength is more than 10 % larger than the Ge–Ge bond strength. In

Fig. 4.50 Cross-sectional

TEM images of 500 nm SiO2

layers on Si implanted with

5.0 � 1016 cm�2 at 350 keV

after annealing at 950 �C in

pure O2 for 15 min (a), 30 min

(b), 45 min (c), and 90 min

(d). Amorphous diffuse GeO2

nanoclusters can be seen in

(c) and (d) [262]
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the nanocluster region c is higher than csol, therefore, the resulting concentration

gradient leads to a diffusion flux and to an accumulation of Ge at the interface.

There, Ge can either grow epitaxially on top of the Si substrate, or, for sufficiently

high annealing temperatures, it can diffuse into the Si substrate.

Kinetic 3D lattice Monte Carlo (KLMC) computer simulations of Ge precipita-

tion, diffusion, and oxidation as well as of cluster coarsening were performed

supporting the proposed model [265]. In the simulation code, two kinds of

impurities (Ge, oxidant) have been considered. Figure 4.51b, c show the results

of a KLMC simulation. The Ge atoms have been deposited into the SiO2 layer

according to a Gaussian depth profile (dashed line in Fig. 4.51c).

Using appropriate diffusion coefficients for H2O and Ge in SiO2 as well as the

Ge–Ge and Ge–Si bond strength, the total Ge profile (full line in Fig. 4.51c) is in

excellent qualitative agreement with the RBS spectrum shown in Fig. 4.48b. The

KLMC simulations facilitate the understanding of the driving forces for Ge redistri-

bution, nucleation, and Ostwald ripening of NPs in SiO2. The results of Ge

redistribution were additionally supported by XPS depth profiling measuring the

depth-dependent chemical bond states of Ge in the SiO2 layer [264].

Fig. 4.51 KLMC simulation of the Ge redistribution and cluster formation in a 500 nm Ge+ ion-

implanted SiO2 layer on Si during annealing. (a) Scheme of the oxidant (H2O) concentration cox,
the Ge monomer concentration cGe, and the Ge oxidation rate k�cox�cGe in SiO2. (b) The spatial and
size distribution of Ge NPs. (c) The calculated total Ge depth profile (full curve), which evolved

from the as-implanted profile (dashed curve) during annealing, consists of the three Ge

components: (1) GeOx (subsurface peak), (2) Ge in nanocrystals (central peak), and (3) Ge

accumulated at the interface [265]
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Redistribution of Ge- and Si-implanted SiO2 by partial oxidation, possible out-

diffusion, and diffusion to underlying interfaces becomes more and more critical with

decreasing oxide layer thickness. For example, one of specific applications is the IBS of

Si nanocrystals in thin gate oxides (SiO2) for nonvolatile memories with a very

promising performance as proposed by Tiwari et al. [266]. Because for this application

the SiO2 layer thickness of the gate oxide in the MOS-FET has been reduced below

20 nm, an increased impact of ambient on the ion beam damaged thin oxide not only

during subsequent annealing but also during sample storage has to be expected.

High-fluence ion implantation (1 � 1015–1 � 1017 cm�2) for IBS of NPs in

SiO2 layers leads to a high degree of destruction of the amorphous network. In the

case of low energy ion implantation (E < 30 keV) into SiO2, the damaged layer

will be located very near to the SiO2 surface. The large number of broken bonds in

the SiO4-tetrahedra due to displaced Si and O atoms results in rearrangements of the

fundamental ring structure within the glassy network [267] in which moisture from

the ambient can be absorbed. Water molecules adsorb at the surface, and damage-

enhanced inward diffusion can take place. Therefore, chemical reactions of the

implanted impurities with hydrogen and oxygen must be expected during

subsequent annealing which can interfere with precipitation and Ostwald ripening

of nanocrystals. The incorporation of water from the ambient in stored, as-

implanted SiO2 layers and during different preparation steps in the IBS of NPs

has been studied by hydrogen depth profiling using NRA [268]. The results of H

depth profiling after storage (at 40 % rel. humidity in clean room) are shown in

Fig. 4.52 for ions of different ion masses, implanted into SiO2.

Concentrations of hydrogen up to 10–12 at.% due to water absorption from the

ambient at a depth of 5 nm and 6–8 at.% at the projected range Rp (20 nm of

different implanted ions) were measured. Moreover, this penetration of hydrogen

atoms was found to increase with the energy losses provided by the implantations,

i.e., increased with the fluence and the atomic mass of the implanted ions. The high

amounts of incorporated hydrogen and oxygen are sufficient to interfere signifi-

cantly with the precipitation and Ostwald ripening of NPs during IBS, namely to

Fig. 4.52 Hydrogen depth

profiles of Si+-, Ge+-, and

Sn+-implanted SiO2 after

storage. The ion fluence was

5 � 1015 cm�2 for all ions

[(filled square) Si+,
E ¼ 13 keV; (filled circle)
Ge+, E ¼ 22 keV; (filled
triangle) Sn+, E ¼ 26 keV]

[268]
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enhance the precipitation and ripening process by the presence of hydrogen on one

hand and to oxidize the implanted impurities partially or fully by incorporated

oxygen on the other hand.

Figure 4.53 shows the results of H depth profiling after different preparation

steps (storage, wet chemical cleaning, and 600 �C annealing for 10 min in dry N2).

For comparison, the H concentration in the unimplanted as-grown SiO2 and in SiO2

that was only wet-chemically treated (Piranha clean, H2O2/H2SO4) is included. The

measured H concentration in these samples was smaller than 0.5 at.%, which is near

the NRA sensitivity limit of 0.05 at.%. Wet chemical cleaning of the as-implanted

samples slightly increases the H content in SiO2 by nearly 2 at.%. Therefore, it was

concluded that the H concentration up to a SiO2 depth of (40–50) nm is caused by

water absorption from the air humidity and defect-enhanced inward diffusion at

room temperature. The annealing reduces the H concentration approximately by a

factor of two in the depth of Rp. The reduction of the H content near the SiO2

surface is more pronounced due to possible outward diffusion of H and OH� and/or

H2O molecules during thermal treatment. From the measured H depth profiles, one

can conclude that half of the H concentration is equal to an oxygen concentration of

3–4 at.% (most probably OH groups are present) at Rp, which is of the same order of

impurity concentration in the maximum of the implanted profile. Therefore, one can

expect in the initial state of postimplantation annealing (sample heating up) a very

fast redistribution of the implanted profile occurs, due to the rapid formation, for

example, of SiHx and GeHx compounds, leading to fast precipitation and even

H-stimulated outward diffusion of the implanted atoms. With increasing tempera-

ture and time, oxidation (like wet oxidation of Si) of the implanted atoms Si, Ge,

and Sn or of precipitates and nanocrystals takes place. The penetration and final

concentration of H2O molecules do not depend on the relative humidity in the

Fig. 4.53 Hydrogen depth profiles in Ge+-implanted SiO2 after different preparation steps [(filled
square) storage after implantation, (filled circle) wet chemical cleaning (SPM), and (filled trian-
gle) 600 �C annealing for 10 min in dry N2]. For comparison, the H concentration profiles in the

unimplanted, as-grown, oxide (filled inverted triangle) and in oxide, which was only wet-

chemically treated (Piranha clean, H2O2/H2SO4) (filled diamond), are included [268]
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atmosphere but are mainly limited by the degree of damage, i.e., the concentration

of defects, in the SiO2 matrix.

Unexpected nanocrystal distributions, especially in very shallow implanted SiO2

layers, can be explained by these chemical effects during IBS. The observed water

incorporation is very important in IBS for the case of Si, Ge, and Sn NPs in ultrathin

gate oxides (10–30 nm thick) that were intensively investigated because of their

potential application in nanocrystal-based nonvolatile memory devices [269]. For

example, studies on low energy 1 keV Si+ ion beam synthesis of Si NP embedded in

10 nm thick SiO2 layers have been done [270, 271]. The morphology of Si NPS thin

gate oxide layers has been investigated by TEM imaging (PEELS-STEM) and

compared with kinetic three-dimensional lattice Monte Carlo (KLMC) simulation.

Remarkable agreement between the atomistic simulations and the PEELS-STEM

images was found. However, the predicted Si+ ion fluences are significantly lower

than the experimental ones. A substantial fraction of the implanted Si is lost by

parasitic oxidation with atmospheric humidity as shown in Fig. 4.54.

The quantitative analysis of the characteristics of Si NPs populations shows that

only a fraction of the implanted fluence (up to 40 %) has precipitated into NPs.

Furthermore, the KMC simulation well predicts the transition from isolated NCs,

obtained through the nucleation and growth, towards a network of connected

particles, obtained through the spinodal decomposition of a highly supersaturated

matrix.

Besides extensive fundamental research, e.g., on quantum confinement of charge

carriers or on effects in structural phase transitions, semiconducting NPs exhibit

promising applications as well as large technological potential: (1) for opto- and

Fig. 4.54 Comparison

between the morphologies of

phase separated Si NPs in

SiO2 obtained by XTEM

(PEELS-STEM) imaging

[left, (a, c)] and KMC

simulations [right, (b, d)].
Nucleation of Si NCs is

observed (a) for a Si fluence
of 1 � 1016 cm�2 and

predicted with the same

morphology for (b)
3 � 1015 cm�2. Spinodal

patterns are imaged (c) for
2 � 1016 cm�2 and simulated

(d) for 8 � 1015 cm�2. Bright
and dark regions correspond
to Si and SiO2 phases,

respectively (from [271])
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electro-luminescence from Si and Ge NCs in SiO2 the understanding and

controlling of their microstructure seems to be vital for a tailoring of efficient

devices [272, 273], and (2) within the challenges of miniaturization in microelec-

tronics the promising use of Si (and Ge) NPs in nonvolatile memories [274] and

even as single-electron transistors [275].

Typically, for Si-NPs, the photoluminescence (PL) and electroluminescence

(EL) spectra extend from 600 to 1,000 nm. The effects on the luminescence

spectrum of the NP density, size and distribution, annealing temperature and

time, ion fluence, and the sample temperature during implantation have been

extensively studied. Most investigations on IBS of Si NPs report a PL peak at

around 1.7 eV (728 nm). The often reported blue–violet PL in the region of

(2.7–3.2) eV in Si+-, Ge+-, and Sn+-implanted SiO2 appears to come from oxygen

deficiency centers in the implanted SiO2 matrix or at the interface between NPs and

SiO2 rather than the NPs themselves [273]. The position of the luminescence peak

at around 1.7 eV appears to be dependent on the implanted fluence of silicon [272,

276–278], with a red shift in PL peak position generally with an increasing fluence

and depends on the experimental conditions. The highest PL peak intensity has

been reported for implanted SiO2 with an excess Si content of ~10 at.% Si [276,

277]. For SiO2 containing 10 at.% Si, the PL intensity initially increases with

annealing time, after which it saturates. During the initial stages of annealing,

among Si NP growth some kind of NP surface passivation takes place [279].

Reaching a critical radius during annealing the Si NP size stabilizes, as does the

number of dangling bonds at the Si/SiO2 interface. Furthermore, it was found that a

second annealing step at 500 �C in forming gas (95 % N2, 5 % H2) results in an

increase in PL intensity and a red shift in the emission peak. This increase in PL

intensity may be a result of the passivation of nonradiative defects by hydrogen

(e.g., Si dangling bonds) [278]. For example, a typical PL spectrum from Si NPs in

thermally grown SiO2 on silicon is shown in Fig. 4.55 [280].

The PL spectrum in Fig. 4.55 was obtained from 100 nm thick SiO2 layers

implanted with fluences from 1 � 016 cm�2 to 1 � 1017 cm�2 of Si+ ions at 40 keV

corresponding to a silicon excess between 2 and 25 at.% at a depth Rp � 60 nm in

Fig. 4.55 PL spectra from Si

NPs in a 100 nm SiO2 layer

implanted with 40 keV Si+

ions at given fluences and

annealed at indicated

temperatures (1 h, for

3 � 1016 cm�2 5 h). The PL

was excited by irradiation of

the samples at a wavelength

of l ¼ 355 nm [280]
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the SiO2 layer. The annealing was carried out at 1,000, 1,100, and 1,200 �C for

0.5–5 h in dry N2.

Recently, it was shown that if additionally Er+ ions are implanted into silicon

dioxide containing Si NPs fabricated by IBS room temperature, photoluminescence

(and electroluminescence) at near-infrared wavelength of l ¼ 1.54 mm is observed

[281–283]. The PL (EL) shown in Fig. 4.56 is of interest because Erbium-doped

optical amplifiers are important components in optical telecommunication because

the optical transition of Er3+ at 1.54 mm is in the region of optimum transmission of

silica-based glass fibers.

The Er and Si NP doped SiO2 was fabricated by Si+ ion implantation at 35 keV

with a fluence of 6 � 1016 cm�2 into a 100-nm-thick thermally grown SiO2 layer

and by subsequent annealing at 1,100 �C for 10 min in vacuum resulting in Si NPs

with sizes in the range 2–5 nm and a concentration of ~1019 cm�3. The Si NP doped

SiO2 was then implanted with 125 keV Er+ ions and a fluence of 5.1 � 1015 cm�2.

The peak of the implanted Er profile with a peak concentration of 1.8 at.% is located

at a depth of � 50 nm which coincide with the maximum of the Si NP depth

distribution. Vacuum annealing at 1,000 �C was carried out to remove Er+

implantation-induced damage. At least the samples were annealed at 800 �C for

30 min in forming gas (N2 + H2) to reduce defect-related luminescence. It was

shown that at 1.8 at.% Er concentration the Er/Si NP ratio �100:1. Nevertheless,

the observed maximum excitable Er concentration was only �(1–2) � 1019 cm�3

and therefore in the order of the Si NP volume concentration, which means that a

single Si NP can effectively excite only ~1–2 Er ions. The model proposed by

Polman [284] suggests that strong coupling between the Si NPs and the implanted

Er atoms (existing as ionized Er3+ in SiO2) effectively enables the Si NPs to pump

the Er. The excitation cross section of the Er increases in the presence of Si NPs

compared to Er excitation in the pure SiO2. In the presence of a Si NP, the

Fig. 4.56 PL spectra at

different temperatures (in K)

showing a broad Si NP

spectrum in the wavelength

region of 600–1,100 nm, and

two sharp Er luminescence

lines at 982 and 1,536 nm.

The Er concentration was 1.8

at.%. The PL was excited at

l ¼ 458 nm with a pump

power of 1 mW [283]
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wavefunction of an electron–hole pair (“exciton”) in a Si NP can couple to a nearby

Er3+ at a distance of 
1 nm in SiO2, as shown schematically in Fig. 4.57a.

An optically generated exciton (dotted line) confined in the Si NP will recom-

bine nonradiatively and excite Er3+ from the ground state to the first excited state

(Fig. 4.57b). The excited Er ions radiatively decay emitting photons at a wavelength

of l ¼ 1.536 mm as shown in Fig. 4.56. Silica-based materials containing Si NPs

and Er synthesized by ion beams enable the fabrication of a new class of miniature

waveguide amplifiers as proposed by Polman [284].

More information about device applications of Si NPs and toward their micro-

electronic chip-based uses, the reader can find in the two books of Koshida [285]

and Pavesi and Turan [286]. In these books alternative fabrication techniques for Si

NPs are also described, namely plasma-enhanced chemical vapor deposition

(PECVD) and physical vapor deposition (PVD) by sputtering or evaporation

producing substoichiometric (or Si-rich) SiOx (with x < 2) layers.

In microelectronics memory architectures charge storage devices for high-

density, low-voltage, low-power, and fast write/erase data storage are needed to

meet the International Technology Roadmap for Semiconductors (ITRS)

requirements in the future. At present, two types of charge trapping memories are

used: the polysilicon-blocking oxide–nitride-tunneling oxide-silicon (SONOS)

memory, including the nitride read-only memory (NROM), and the nanocrystal

floating-gate memory as proposed by Tiwari et al. [274]. A nanocrystal floating-

gate memory consists of single-transistor memory-cell structures in which the

conventional poly-Si floating-gate (FG) is replaced by Si NPs as isolated charge

trapping centers as shown in Fig. 4.58.

The main advantage of the Si nanocrystal-based multidot floating gate memory

is, however, the isolation of the Si NPs from each other that allows to reduce

reliability constraints arising from charge leakage and hence improving reliability.

As shown in Fig. 4.58a,b possible conduction paths originating from oxide defects,

either process or operation related, have only a very local effect and cannot lead to a

complete discharging of the distributed NC floating gate layer. As a result, the

injection oxide thickness between the NPs and the transistor channel can be reduced

to <5 nm. At these distances, electrons can tunnel by direct electron tunneling at

Fig. 4.57 Schematic Er

excitation model, showing (a)
a Si NP and an Er3+ ion

embedded in SiO2, and (b) the
electronic band structure of Si

NP doped SiO2 and the Er

energy levels (adapted from

[284])
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low gate voltages into the Si NPs. Thicker injection oxides would require charging

by defect generating Fowler–Nordheim tunneling (hot electron injection) at higher

gate voltages. The last processes are known to limit the memory endurance upon

repeated write and erase cycles which is not the case for direct tunneling.

IBS by low energy ion implantation into thin gate oxides allows the formation of

a multidot floating gate layer made of Si NCs at a location from the SiO2/Si

interface (transistor channel) that can be tailored for DRAM-like (volatile) or

EEPROM-like (nonvolatile) memory applications. Typical implantation and

annealing conditions for the formation of Si NP containing gate oxides are

summarized in Table 4.5.

Using very low ion energies of E < 5 keV (typically 1 keV) promises several

advantages for the fabrication of Si NP memories: (1) Shallow and narrow depth

profiles of Si excess are achieved. Phase separation is expected to result in a thin

layer of Si NCs embedded in the SiO2. (2) The depth position of the NC layer

should be easily controllable by the ion energy and the total amount of Si contained

in the NPs by the ion fluence, while the annealing temperature determines the mean

NC size. (3) Little ion damage at the SiO2/Si interface is expected due to the low ion

energy; irradiation damage created within the SiO2 is largely recovered during

annealing. The ion energy at Si NP synthesis is one of the critical parameters in

relation with the thickness of the gate oxide because after full processing the

injection distance between the Si NC layer and the transistor channel can be too

small preventing true nonvolatile memory operation. In this case only a DRAM-like

Fig. 4.58 Schematic buildup of (a) a poly-Si floating-gate memory cell, and (b) a nanocrystal

floating-gate memory cell

Table 4.5 Implantation and annealing conditions at Si NP synthesis in thin gate oxides for

memory applications

IBS process parameters Values

SiO2 thickness (nm) 5–30

Si+ ion energy (keV) 1–15

Si+ ion fluence (cm�2) 5 � 1015–5 � 1016

Si excess at implanted profile peak (at.%) 10–50

Annealing temperature (�C) 950–1,150

Annealing time (min) 0.5–30

Annealing ambient N2, N2 + O2, Ar, vacuum
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volatile memory transistor operation with fast programming and erasing at low

electric fields (write/erase voltage <þ10 V/�10 V), which ensures a high endur-

ance, will be possible. The formation of well depth-localized layers of Si (and Ge)

NPs for different implantation and annealing conditions given in Table 4.5 and their

applications in nonvolatile (EEPROM-like) memory devices has been successfully

achieved [287–291].

For a typical example of Si NP synthesis by ion implantation into thin (<10 nm)

gate oxide, Fig. 4.59 shows the Si excess depth profiles for 1 keV Si+ implantation.

The ion fluence increases from 1 � 1015 cm�2 up to 2 � 1016 cm�2.

As can be seen the Si excess increases for higher Si+ ion fluences, while the

profile broadens considerably due to ion beam mixing, sputtering, and swelling.

The slight Si enrichment at the target surface is observed as the result of preferential

O sputtering. For comparison, a Si implantation profile calculated by TRIM has

been added to Fig. 4.59, which is much sharper than the corresponding TRIDYN

profile. Accordingly, the Si peak concentration is significantly overestimated by

TRIM and the profile broadening observed by TRIDYN calculations cannot be

described by TRIM. Therefore, TRIDYN simulations are required to predict a

correct profile for high-fluence implantation. With the given initial Si excess

distribution phase separation can be modeled by KMC simulations the result of

which is shown in Fig. 4.60.

The Si atoms in Fig. 4.60 are colored according their coordination to other Si

atoms. The red color corresponds to atoms with no bonds to neighboring Si excess

atoms, while blue indicates fully coordinated atoms. The first chart on the left-hand

side depicts the as-implanted SiO2. The Si excess atoms are dispersed in the oxide

with a distribution tail reaching almost up to the SiO2/Si interface. Bonds between

neighboring Si atoms have not yet formed (indicated by the red color). In the first

stage of annealing, small Si NCs form rapidly and are visible as tiny (green) dots.

With increasing annealing time the NC density visibly decreases and the average

Fig. 4.59 Depth profiles of

Si excess for 1 keV Si+

implantation into SiO2

calculated by TRIDYN in

comparison with TRIM [270]
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size of the NCs increases. This behavior of phase separation is important for NC

size and density control in fabrication of nonvolatile NC memories. Finally, long-

lasting annealing (right chart) leads to a considerable amount of Si loss to the

absorbing SiO2/Si interface. Si atoms attached there are colored in light gray, and it

is apparent that a complete Si monolayer has grown epitaxially onto the silicon

substrate. The SiO2/Si interface acts as a strong sink for diffusing Si atoms, and

therefore leads to a NC-depleted zone parallel to the interface as shown in Fig. 4.61.

This denuded zone will serve as tunneling oxide in the NC memory and isolates the

NC from the transistor channel.

Fig. 4.60 Results of a KMC simulation (top view and cross sections) for 1 keV Si+ implantation

into 8 nm thick SiO2 on silicon. At a fluence of 2 � 1015 cm�2, Si NCs form during annealing and

dissolve with increasing annealing time due to Si loss to the absorbing SiO2/Si interface [270]

Fig. 4.61 Formation of a denuded zone free of NC at the SiO2/Si interface during phase

separation as predicted by KMC simulations. (a) Two KMC simulation snapshots (cross section
view) are shown for 1 keV Si+ implantation into 8 nm thick SiO2 to a fluence of 2 � 1015 cm�2.

The first one refers to the as-implanted case while the second was taken after 100 kMCS.

(b) Corresponding Si excess depth profiles
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At charge injection during the write pulse, electrons have to overcome the

barrier by Fowler–Nordheim tunneling or by quantum mechanical direct electron

tunneling. In both cases, the width of the injection oxide critically determines the

memory properties as writing speed required for charging of the NCs and charge

retention. The ion energy and oxide thickness can directly be used to control the

distance between Si NCs and the Si/SiO2 interface. Furthermore, the width of the

denuded zone is influenced by the annealing time. For the nonvolatility Si NC

memory under normal read and retention conditions, the thickness of the injection

oxide has to remain larger than 4 nm [292, 293]. In order to accomplish this target,

Si NC n-channel MOSFETs have been fabricated using 1 keV Si+ implantation to a

fluence of 2 � 1016 cm�2 into 7 nm thick SiO2. Subsequent annealing has been

done in diluted O2 atmosphere (N2/O2) at 950
�C for 30 min. Swelling due to

oxidation has lead to a total oxide thickness of 14 nm. A typical transfer character-

istic (drain current ID versus gate voltage VG) of such a transistor is shown in

Fig. 4.62a.

The threshold voltage shift Vth resulting from applied write/erase pulses is

plotted in Fig. 4.62b as a function of the pulse amplitude. At 100 ms pulse duration,

write/erase pulse amplitudes of �6 V are high enough to achieve a threshold

voltage shift of +0.5 and �0.25 V, respectively. However, shorter pulses require

progressively higher write and erase voltages. At 100 ms more than 10 V must be

applied to get comparable threshold voltage shifts. Endurance measurements plot-

ted in Fig. 4.63a do not indicate a degradation of the tunneling oxide at this voltage

after 106 write and erase cycles, and the threshold voltage window does not close

after more than 104 s waiting time (see Fig. 4.63b), i.e., negligible charge is lost

during this period.

However, temperature activated retention measurements reveal a much faster

charge loss at elevated temperatures (150 �C), which is not observed in competing

memory technologies, e.g., in SONOS type memories using either Si3N4 or

oxynitrides as a charge trapping layer.

Fig. 4.62 (a) Transfer characteristic for Si NP floating-gate nMOS transistor. (b) Threshold

voltage shift versus write/erase voltages for different pulse durations [289, 290]
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Low energy IBS of Si NCs in thin gate oxides seems to be a simple technique

being advantageous over more complex SiOx deposition approaches (e.g., CVD). In

principle the NC synthesis can be tuned with four process parameters only: the ion

fluence F and ion energy E controlling the buildup of a supersaturated solid

solution of excess Si in the SiO2 and the annealing time tA and annealing tempera-

ture TA affecting the NC phase separation. Unfortunately, the situation is much

more complex and additional process parameters influence the Si NC formation at

low energy IBS. Some of these factors are:

• Charge neutralization, which is necessary to prevent a charge buildup at the

isolating SiO2 surface and charge breakdowns through the thin oxide (oxide

damage) during implantation [294]

• Contamination of the SiO2 by impurities (e.g., carbon or boron) during ion

implantation, sputtered from the mechanical implanter parts or coming from

the residual gas atmosphere [290]

• Absorption of humidity in the ion-damaged SiO2 after the sample has been

exposed to air [268]

• Wafer cleaning (standard RCA and Piranha wet cleaning) affecting the topmost

SiO2 [290]

• Partial oxidation of implanted Si during annealing either by residual humidity

from the annealing ambient or by humidity that has penetrated before into the

damaged oxide [268, 290]

• Oxide swelling, which appears after low energy IBS. It could result from various

effects such as ion sputtering (negative swelling), incorporation of implanted

material, Si oxidation, changed SiO2 density, or defect creation [290, 295]

• Reactive annealing ambient (e.g., N2/O2 mixture), which reduces the amount of

implanted Si by oxidation but on the other hand improves electrical properties

due to the better curing of oxide defects [288]

Irradiation-based concepts for synthesis of Si NCs based on ion beam mixing of

interfaces [296] could deliver in particular an alternative to low energy IBS that

eliminates external influences on the NC formation at phase separation. For that

Fig. 4.63 (a) Endurance and (b) data retention characteristics of a Si NP floating-gate nMOS

transistor. The endurance was measured using þ9/�9 V write/erase pulses of 10 ms duration. The
charge retention has been measured at room temperature after 105 write/erase cycles [289, 290]
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purpose, the complete transistor gate stack (gate oxide and poly-Si gate electrode) is

irradiated by Si ions and will be described in the following chapter.

4.4 Ion Beam Mixing of Interfaces

Although there are possibilities to tailor the mean NC size (mainly by variation of

ion fluence, annealing temperature, and time) at conventional IBS, the possibilities

for tailoring the NC size distribution by the variation of ion implantation parameters

are rather limited. Ion irradiation not only causes supersaturation and damage to the

substrate but also affects the interface between a thin layer and the substrate or

interfaces between thin stacked layers. As schematically shown in Fig. 4.64 primary

energetic ions produce collisional cascades which cause substantial interface

mixing leading to nonstoichiometric and nonstable phases near the interface.

Subsequent annealing restores the interface region rapidly via spinodal decom-

position. However, the tails of the mixing profiles do not reach the recovered

interfaces by diffusion, thus, phase separation proceeds via nucleation and growth

of NCs near the interface. The competition between interface restoration and

nucleation self-aligns nearly monodispersive d-layers of NCs in proximity to the

interface. Self-organization of a d-layer of Ge NCs in SiO2 has been found [262,

297] close to the Si/SiO2 interface after appropriate Ge+ implantation into a SiO2

layer on a Si substrate. The NC d-layers were found when the following conditions

were fulfilled: (1) a negligibly small amount of ions is implanted in the Si/SiO2

interface region, and (2) the cascade of energetic O and Si recoils produced by

primary collisions initiate a few displacements per atom (dpa) in the Si/SiO2 region.

Different contributions to the self-organization of NC d-layers have been described
and investigated by kinetic MC simulations and reaction–diffusion equations [298].

As an example, the positioning of a Ge-NC d-layer near the SiO2/Si interface

without Ge+ implantation into this region is shown in Fig. 4.65. The Ge+ implanta-

tion (E ¼ 350 keV, D ¼ 5 � 1016 cm�2) into a 500 nm thick SiO2 layer was

carried out in such a way that the maximum of the implanted profile (Rp ¼ 211 nm)

Fig. 4.64 Scheme of ion

beam-induced self-alignment

of a NC d-layer near a layer/
substrate interface by ion

irradiation through the

interface and subsequent

thermal treatment leading to

the phase separation in the ion

mixed nonstoichiometric

near-interface layer through

precipitation and Ostwald

ripening of NCs
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is located far away from the SiO2/Si interface. The Ge concentration in the tail of

the implanted profile reaching the interface is below 0.5 at.% and can be neglected.

After annealing of this sample no Ge NCs have been observed near the interface.

Ion irradiation (Si+, E ¼ 450 keV, D ¼ 5 � 1015 cm�2, Rp � 720 nm) through the

SiO2/Si interface before or after Ge
+ implantation in SiO2 induces a self-aligned d-

layer of Ge NCs as shown in Fig. 4.65. In the ion mixed nonstoichiometric SiOx

(x < 2) layer during annealing (1,000 �C, 1 h), tiny Si precipitates form to which

Ge atoms attach during diffusion towards the Si substrate. The miscible Ge/Si

precipitates grow with increasing annealing time forming nearly pure Ge NCs

with a denuded zone of ~3 nm in between the NC layer and the substrate.

Ion irradiation not only affects flat interfaces but also curved interfaces of

embedded NCs [298–300]. Thus, NC atoms can be mixed out by recoils of

collisional cascades into the surrounding matrix. If these atoms are mobile in the

host matrix, their steady state concentration is given by the detailed balance of

detachment and attachment processes at the NC interface. The attachment of

impurity atoms at the NC interface is mainly a thermally activated process whereas

detachment of atoms from NCs can be thermally activated or caused by

displacements of the collisional cascade. At higher irradiation temperature, the

thermally activated detachment dominates and at low-temperature detachment of

NC atoms becomes temperature independent, i.e., detachments are governed by ion

beam mixing. An analytical model of the steady state of a NC under ion irradiation,

which includes ion beam mixing at interfaces of NCs and impurity diffusion in the

host matrix was developed and checked using kinetic lattice Monte Carlo

simulations by Heinig et al. [298]. Based on this model a new method of

re-assembling of a given NC size distribution using ion-induced “inverse Ostwald

Fig. 4.65 Formation of NCs at flat interfaces under ion irradiation: (a) XTEM image overview of

a Ge NC d-layer next to the SiO2/Si interface; (b) HRTEM cross-sectional image of an individual

Ge NC with resolved <111> crystal lattice planes of the nanocrystal
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ripening” (IOR) was predicted, which should allow even the formation of mono-

dispersive NC distributions. An experiment has been performed [300] in order to

prove the predictions for IOR. In a 480 nm thick SiO2 layer, Au NCs

were synthesized by Au+ implantation (E ¼ 330 keV, F ¼ 2 � 1016 cm�2, Rp

¼ 102 nm) and subsequent annealing at 1,000 �C for 1 h in dry oxygen. The

evaluation of high resolution XTEM images showed that the mean NC diameter

dNC in the depth region (Rp � 15 nm) was 4.2 nm with a FWHM of 2.7 nm

(Fig. 4.66a).

The same sample was after it irradiated with 4.5 MeV Au+ ions at 200 �C with a

flux density of 3.9 � 1011 cm�2s�1 to study the evolution of the initial NC size

distribution under ion irradiation. 4.5 MeV Au+ ions had a projected range of

Rp ¼ 1.06 mm and they came to rest deep in the Si substrate, i.e., no Au+ ions

were deposited in the region of the initial Au NC depth distribution. The mean size

of Au NCs decreases with increasing fluence of 5 � 1015 cm�2 and

10 � 1015 cm�2 (see Fig. 4.66b, c, respectively). Furthermore, an increase of the

NC density and a decrease of the width of the size distribution with increasing ion

fluence were found. This experimental result is in good agreement with theoretical

predictions. A quantitative comparison fails due to the lack of reliable values of

diffusivity and solubility of Au in SiO2.

The approach for ion irradiation induced self-alignment of Si NCs near SiO2/Si

interfaces also has been applied to the fabrication of nonvolatile multidot floating

gate memory devices [296]. For this application a MOS-like Si/SiO2/Si structure

was selected and submitted to Si+ ion irradiation to mix the interfaces of this layer

stack. Thus, sandwiched between the stable phases of SiO2 and Si, unstable

nonstoichiometric SiOx (x < 2) phases are formed. Annealing restores the upper

and lower SiO2/Si interfaces by spinodal decomposition. However, the tails of the

Si atom mixing profiles do not reach the recovered interfaces by diffusion, thus,

phase separation proceeds via nucleation and growth of Si NCs in SiO2. The

competition between interface restoration and nucleation self-aligns d-layers of Si
NCs in SiO2 along the two interfaces. This self-alignment of d-layers of Si NCs
with the SiO2/Si interfaces has been predicted by atomistic computer simulations

[301] and is shown in Fig. 4.67.

Fig. 4.66 Evolution of the size distribution of Au NCs formed by 330 keV Au+ implantation with

a fluence of 2 � 1016 cm�2 and annealing at 1,000 �C for 1 h in dry O2 (a), under subsequent
4.5 MeV Au+ irradiation of 5 � 1015 cm�2 at 190 �C target temperature (b), and 1 � 1016 cm�2 at

200 �C target temperature (c)
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As shown in Fig. 4.67 the Si precipitates in SiO2 have developed to Si NC d-
layers which are aligned with the SiO2/Si interfaces. The mean Si NC diameter is

2 nm and the mean distance from the interfaces is 2 nm, too. In each d-layers, the Si
NC areal density is in the order of 1012 cm�2. This prediction has been verified

experimentally by energy filtered transmission electron microscopy (EFTEM)

[302]. As can be seen in Fig. 4.68, bright and dark areas are visible in dark and

white regions of the SiO2 layer, respectively.

These spherical regions refer to Si NCs in the oxide. Accordingly, the Si NCs are

separated from the SiO2/Si interfaces by a mean distance of 3 nm, i.e., they are

aligned in a d-layer at each interface. The mean diameter of the NCs was estimated

to be 3 nm. These morphological features are in accordance with the KLMC

simulation predictions from [301].

For memory device fabrication, the ion irradiation-based concept for synthesis

of Si NCs experiments was carried out on 150 mm (100)Si wafers covered with a

15 nm thermally grown SiO2 layer and a 50 nm poly-Si layer deposited by LPCVD

Fig. 4.67 Self-aligned Si NC formation by ion irradiation of SiO2/Si interfaces: (a) TRIDYN
results of Si ion irradiation (E ¼ 50 keV, F ¼ 1 � 1016 cm�2) through a layer stack of 50 nm

poly-Si, 15 nm SiO2, into the Si substrate. KLMC simulation snapshots referring (b) to the

as-irradiated state, (c) to the early state of phase separation, and (d) to a later stage
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on top of the SiO2 layer. The upper poly-Si layer was used as a capping layer to

prevent any influence of contaminants from ambient and annealing atmosphere

(mainly humidity) on the NC formation process in the thin gate oxide [268]. The

poly-Si/SiO2/Si stack was irradiated with 50 keV Si+ ions at fluences in the range of

3 � 1015–1 � 1016 cm�2. After ion irradiation a highly n+-doped and 250 nm thick

poly-Si gate was deposited onto the irradiated stack. Subsequently, the samples

were annealed (RTA) at different temperatures (950–1,100 �C) and times (5–180 s)

and further processed for the fabrication of n-channel MOSFETs in a standard

0.6 mm CMOS process line. Electrical measurements of memory properties show

that devices exhibit significant memory windows at low gate voltages. Devices with

a memory window of about 0.5 V for write/erase voltages of –7 V/+7 V and a

programming time of tpp ¼ 10 ms have been achieved. In terms of memory window

and transistor characteristics, an ion irradiation fluence of (5–7) � 1015 Si+ cm�2

and annealing at TA ¼1,050 �C for tA ¼ 30 s appear as promising conditions for

devices fabrication (see Fig. 4.69a). The memory window can be increased by

annealing at higher temperatures (T ¼ 1,100 �C) and/or for longer times (>120 s)

proceeding to further phase separation Si NC formation. As shown in Fig. 4.69b, in

this case a large stable memory window of DVth ~ 3 V can be achieved.

No degradation in memory windows was observed for NC memory devices after

107 write/erase cycles with Vpp ¼ +7 V/�7 V, tpp ¼ 1 ms programming conditions

Fig. 4.68 Energy-filtered (X)TEM images of the poly-Si/SiO2/Si structure: (a, b) referring to the
as-deposited state and (c, d) after Si+ ion irradiation (E ¼ 50 keV, F ¼ 7 � 1015 cm�2) and

postirradiation annealing (T ¼ 1,050 �C, t ¼ 120 s) [302]. In EFTEM images (a,c) recorded with

electrons of an energy loss between 14 and 18 eV the Si substrate and the poly-Si layer appear

bright – in contrast to dark SiO2 regions. For an energy loss window between 20 and 36 eV, the Si

substrate and the poly-Si layer appear dark, the SiO2 regions however bright (b,d).
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(Fig. 4.70), which means that the fabricated memory devices exhibit a superior

endurance. It was found that data retention time tested at 85 �C is too low for

EEPROM application (100 days at room temperature and 8 h at 85 �C). The
fabricated nMOS devices exhibit maximum memory windows at low gate voltages

indicating that the charge storage nodes are located near to the Si/SiO2 interface.

This implies the possibility of direct charge carrier tunneling into Si NCs during

low programming voltages. The lowering of the programming window at program-

ming voltages Vpp > 6 V (Fig. 4.69a) can be explained by trap-assisted tunneling

Fig. 4.69 Memory window DVth versus programming voltage Vpp (pulse length tpp ¼ 10 ms) of

n-channel MOSFETs with self-aligned Si NCs in the gate oxide. Si+ irradiation was performed at an

ion energy of 50 keV and a fluence of 7 � 1015 cm�2: (a) for low thermal budget at different RTA

annealing parameters; (b) for high thermal budget and annealing at T ¼ 1,100 �C for 160 s

Fig. 4.70 Endurance characteristics of nMOSFETs obtained with write/erase voltages of Vpp ¼
�7 V and pulses of tpp ¼ 1 ms. The sample was irradiated with 50 keV Si+ ions at a fluence of

7 � 1015 cm�2 and annealed at 1,050 �C for 30 s
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through the gate insulator. Besides retention, all electric parameters of the devices

fulfill current requirements to nonvolatile memory devices. The low data retention

might be explained by direct re-tunneling of charge carriers to the channel which

could be a common problem of multidot floating-gate memories.

4.5 Ion Beam Slicing of Thin Layers (Smart-Cut for SOI
and Solar Cells)

High fluence of inert gases or hydrogen can be used for exfoliation of thin layers of

crystalline materials to be placed on any kind of substrates (dielectric, glass, plastic,

quartz, amorphous silicon, crystalline semiconductor, etc.). This technology, called

“Smart Cut” (or Ion Cut), was developed at LETI Laboratories, Grenoble, France,

in 1991 and involves the implantation of H+ ions into silicon. Among the SIMOX

process (see Sect. 4.3.1) the Smart Cut process is mostly used for SOI wafers

production. SOI wafers made by Smart Cut technology possess less defects in the

top Si device layer compared to SOI wafers made by SIMOX. As shown in Fig. 4.71

the Smart Cut process is based on the principles of ion implantation and wafer

bonding [303–305].

This process requires two starting silicon wafers (A—seed wafer and B—handle

wafer) to produce the SOI wafer. The first step is the thermal oxidation of wafer A.

The oxide layer with a thickness in the range of some tens of nanometer until some

micrometer will become the buried oxide (BOX) in the final SOI wafer. High-

fluence ion implantation of light ions (H+, He+) through the SiO2 into the underly-

ing silicon substrate forms a damaged layer at and around the projected ion range

Fig. 4.71 Schematic process flow of SOI wafer fabrication by Smart Cut based on hydrogen

implantation, wafer bonding, layer splitting, and final wafer polishing. Wafer A can be reused as

substrate for SOI processing
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Rp. After that wafer A is bonded to wafer B, forming the substrate of the final SOI

wafer. The bonded wafer pair is subsequently heated so that the wafers split along

the gas-implanted plane. The removed portion of the wafer A will now become

substrate for another smart cut wafer. The Smart Cut SOI wafer is now annealed at

high temperature, after that polished and ready for device processing. The main

process parameters are the following:

• High-fluence ion implantation (H+) through the SiO2 layer forms the layer for

later cutting. The ion fluence is in the range of 3.5 � 1016–l � l017 cm�2. At this

stage microcavities or micro bubbles are formed at Rp, the size and density of

which depend on the implanted fluence, implantation energy, fluence rate, and

implantation temperature. The thickness of the Si layer to be splitted later can be

tailored in the range from 0.1 mm up to 13.5 mm by selecting corresponding ion

energies between 10 keV and 1 MeV, respectively.

• Hydrophilic bonding of the implanted wafer to a handle wafer (either bare or

SiO2 capped) at room temperature [306]. The handle wafer plays a key role as a

stiffener and provides the bulk silicon under the BOX layer in the SOI structure.

Before bonding the two wafers are cleaned by a modified RCA cleaning proce-

dure to remove particles, contaminants, and to form hydrophilic surfaces on both

wafers. The bonded wafer pair undergoes a heat treatment at ~200 �C to form a

strong chemical bond at the bond interface between the wafers.

• Two-step thermal treatment of the joined wafer pair leads to splitting. The first

annealing is carried out typically at 400–600 �C during which the implanted

hydrogen ions diffuse within the implanted layer (defect-enhanced diffusion)

forming H2 gas bubbles of high internal pressure. The evolution of these bubbles

proceeds via Ostwald ripening. Finally, with increasing annealing time the bubbles

coalesce leading to crack propagation along the plane of the bubble network

leaving a thin monocrystalline Si layer on the surface of the carrier wafer on top

of the thermal grown SiO2 layer. The subsequent high-temperature annealing step

is typically performed at 1,100 �C for 2 h to remove any silanol groups from the

bonding interface and to achieve a high quality SiO2/Si interface.

• Final chemical mechanical polishing (CMP) of the Si top layer (about

50–100 nm) of the SOI structure is carried out to remove micro-roughness and

surface defects. Standard parameters of the micro-roughness and the Si layer

thickness uniformity are 0.15 nm (RMS) and �10 nm, respectively [307]. For

modern integrated circuit applications (e.g., processors), the thickness of the top

Si device layer can be further reduced up to some tens of nanometer.

The defect formation during H+ implantation and the coarsening (Ostwald

ripening) of H2 microcavities has been intensively investigated and is schematically

illustrated in Fig. 4.72. It was shown by TEM investigations that the defective

region of the implanted profile (mostly around Rp) contains small platelet-like

microcavities with dimensions of about 10 nm long and about 1 nm thick. They

appear mostly aligned parallel to the surface, i.e., in a (100)-oriented Si crystal

lattice plane. After implantation, the nucleation stage of the cavities is not

completed and, for example, at 500 �C an annealing time of ~5 min is required
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for coarsening of the cavities [304]. As usually observed in the Ostwald ripening

stage, the microcavities grow in size and reduce in density, as shown in Fig. 4.73.

The splitting time has been experimentally measured and varies from a few

seconds to some hours sensitively depending on the annealing temperature but also

on implantation conditions (ion fluence and energy), Si material properties (doping

concentration), and bonding parameters. Remarkably, two temperature ranges with

different activation energies for splitting have been identified. In the high-

temperature range (TA > 530 �C), an activation energy of Ea � 0.5 eV is obtained

which is comparable with the activation energy of 0.48 eV for atomic hydrogen

diffusion in silicon. Therefore, it is assumed that in the high-temperature range

splitting is controlled by H diffusion. In the low-temperature range (TA < 500 �C),
the activation energy is higher [Ea ¼ (2.2–2.5) eV] and assumed as the sum of two

activation energies involving hydrogen diffusion (0.48 eV) and dissociation of

Si–H bonds. The dissociation of Si–H bonds greatly depends on experimental

conditions. The transition temperature between low- and high-temperature regimes

was observed at �550 �C [308].

Fig. 4.72 (a) Formation of defects (vacancies, vacancy clusters) and H2 filled microcavities/

bubbles during H+ implantation around Rp in the seed wafer. (b) Formation of crack network in the

seed wafer during annealing of the bonded wafer pair

Fig. 4.73 Typical initial distribution of the cavity size (a) and (b) their evolution in size and

density as a function of annealing time at TA ¼ 500 �C (taken from [304])
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The thickness of the cleaved Si layer measured by cross-section SEM and TEM

imaging is somewhat smaller than the depth Rp of the implanted H profile [309,

310]. As can be obtained from SRIM calculations, the maximum of the H concen-

tration peak is somewhat deeper than the maximum of the damage profile which

supports this observation. The results are consistent with the proposed mechanism

of preferential H microcavity and bubble formation in the depth region where the

highest concentration of defects (damage) is induced by the implantation process.

The Smart Cut process used for mass production significantly lowers the pro-

duction costs of SOI wafer fabrication, since the H+ (or He+) ion fluence is one

order of magnitude lower compared to oxygen fluence for SIMOX. The gas

implantation can be carried out at room temperature using standard high current

ion implantation tools. Compared to the SIMOX process, where high temperatures

of TA > 1,200 �C and special annealing tools are necessary, at Smart Cut the heat

treatment for wafer splitting proceeds in standard furnaces. The material properties

for standard Smart Cut SOI wafers together with the corresponding process

parameters of H+ ion implantation for ULSI CMOS circuits are summarized in

Table 4.6.

Due to the flexibility of the Smart Cut process it has been used, for example, in

crystalline SiC structures which have enabled it to be bonded onto silicon substrate

[311]. For other semiconductor materials, the process has been used successfully,

for example in Ge [312], GaAs [313], GaN [314], InP [315], and in other materials,

e.g., in ferroelectric BaTiO3 (BTO) crystals [316].

The cutting process based on H+ implantation exhibits an effective and econom-

ical method of transferring thin materials layers from bulk substrates onto another

substrate material to achieve hetero-material integration. This advantage of the

Smart Cut process recently became an interesting technology in the fabrication of

thin film solar cells, where thin layers of high quality crystalline semiconductor

Table 4.6 Smart Cut wafer material properties and process parameters

Wafer parameter Values

Wafer diameter �300 mm

Si device layer thickness 50–100 nm

Si device layer thickness uniformity �0.5 nm

BOX layer thickness 100 nm–3 mm
BOX layer thickness uniformity �0.1 nm

Surface roughness 0.15 nm

Dislocation density ~100 cm�2

BOX pipe (pinhole) areal density Non

BOX dielectric electric field breakdown >5 � 106 V cm�1

Implantation parameters Standard Smart Cut

H+ ion energy 20–200 keV

H+ ion fluence ~5 � 1016 cm�2

Implantation temperature RT–350 �C
Annealing process 500 þ 1,100 �C (N2, Ar)
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materials are transferred and bonded to glass and/or other photovoltaic materials

(http://www.sigen.com). Nevertheless, the Smart Cut process has not yet been

applied to solar cell mass production. The thickness of the transferred layer is

defined by the penetration depth of the H+ ions which for conventional microelec-

tronic applications is typically<1 mm. Applying high-fluence, high energy implan-

tation of H+ ions in the energy range of (1–4) MeV, the exfoliation of silicon layers

with thicknesses of (15–150) mm, respectively, will be possible. This thickness

range represents the thickness gap between thin film solar cells (a-Si, a-Si/mc-Si,
CIGS, typically <15 mm thick) and conventional single- or polycrystalline Si solar

cells (typically >150 mm thick). The introduction of the Smart Cut process into

solar cell fabrication requires electrostatic accelerators supplying H + ions in the

MeV ion energy range, which are still too expensive for cost-effective production.

4.6 Ion Beam Erosion, Sputtering, and Surface Patterning
(Ripples and Dots)

Surface patterning by ion beam erosion represents nanoscale surface morphologies

spontaneously developing from uniform ion bombardment of an initially flat

surface in a nonequilibrium self-organization process. Ion beam erosion is routinely

used in surface analysis, depth profiling, surface cleaning, and micromachining

[317]. Depending on the chemical–physical properties of the eroded substrates and

the erosion conditions, it is possible to create ordered submicron, nanoscale surface

features like dots and ripples. Highly ordered ripple and dot patterns are observed at

erosion with different ions on the surfaces of various substrates, for example of

crystalline semiconductors (e.g., Si, Ge, GaSb, and InP), amorphous glasses and

thermally grown SiO2, single-crystalline (e.g., Cu, Ag) and polycrystalline metals

(e.g., Ag, Au, Pt). Some elected examples of patterned semiconductor and SiO2

surfaces are shown in Fig. 4.74.

In Fig. 4.74a–c the direction of the incident ion beam is marked by the arrow.

The ion irradiation conditions at off-normal beam direction in Fig. 4.74a–c were the

following: (a) Kr+ ions, E ¼ 1.2 keV, F ¼ 2.2 � 1018 cm�2, angle of incidence

15� with respect to the surface normal; (b) Xe+ ions, E ¼ 2 keV, F ¼ 6.7 � 1018

cm�2, angle of incidence 5�; (c) Ar+ ions, E ¼ 1 keV, F ¼ 1 � 1018 cm�2, angle

of incidence 45�. In Fig. 4.74d the ion irradiation was carried out at normal

incidence with Ar+ ions at low energy of E ¼ 0.42 keV and a fluence of

F ¼ 4 � 1018 cm�2.

Ion erosion-induced nanodots, in general, are observed on some materials only

during normal incidence of the ion beam onto the substrate surface. In the case of

surface ripples, depending upon the off-normal ion beam angle of incidence, ripples

with wave vectors either parallel or perpendicular to the beam direction are

observed in semiconductors, metals and dielectric materials, and for different and

mostly used ion species including Ar+, Kr+, and Xe+. Most results indicate that

ripple patterns appear only within a limited range of angles of incidence, which

vary between 30� and 70�. However, in contrast to usual observations, Ziberi et al.
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[319] found that highly ordered ripples occur on 2 keV Xe+ ion-eroded Si and Ge

surfaces at smaller angles of incidence from 5� to 30� (see Fig. 4.74b). They report,
that ripple patterns disappear and the surface gets smoothed between 30� and 60�,
and evolve again on the surface at incidence angles above 60�. In most cases at

incidence angles below a critical angle, which is ~(70–75)�, ripples perpendicular
to the ion beam projection on the surface are formed. This critical angle depends

mainly on the substrate material, ion species, and ion energy. At incidence angles

larger than this critical angle, ripples parallel to the ion beam projection on the

surface are formed (see, for example, [322]). Besides the ion beam direction the

main process parameters affecting the features of surface pattern are the ion mass,

the ion energy, the ion flux and fluence, and the substrate temperature during

irradiation. A comprehensive overview about ripple formation under various ion

irradiation conditions was published by Chan and Chason [323].

Most experimental studies show that the amplitude of perpendicular-mode

ripples and dots increases exponentially with the time up to saturation with

increasing fluence. The amplitude saturation may be related to nonlinear effects

that become effective after a certain erosion time. At room temperature the ripple

wavelength is, in general, not affected by the ion fluence, whereas for samples

heated to T 	 400 �C an increase of the wavelength with increasing ion fluence

and ion flux was found [324]. At low temperatures, the ripple wavelength is

Fig. 4.74 AFM imaged

surface pattern induced by ion

beam erosion on various

substrates. (a) ion-eroded
(111)Si surface [318]. (b) ion-
eroded (001) Ge surface from

[319]. (c) Ion-eroded SiO2

surface from [320]. (d)
Hexagonal ordered nanodots

with dot size �50 nm on

GaSb fabricated by normal-

incidence ion beam erosion

[321]
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independent of sample temperature and increases with the ion energy. At higher

temperatures, the ripple wavelength l scales with the following Arrhenius law

l / ð1=T1=2Þ expð�El=2kTÞ (4.11)

with T the sample temperature and El an activation energy with values in the range

of 0–1.7 eV depending on experimental conditions (e.g., ion mass, ion flux, ion

energy) [323].

Furthermore, the wavelength l is inversely proportional to the square root of ion
energy (E)1/2. The ripple evolution on heated surfaces and metallic substrates where

the crystallinity remains under ion irradiation is more sensitive to the ion flux and

ion fluence than on ion beam-amorphized surfaces. Additionally, the ripple and

nanodot formation can be significantly influenced by other conditions at high-

fluence ion irradiation, for example, by possible deposition of metal contaminants

co-sputtered by the incident ion beam from the sample surrounding. As reported in

[325, 326] under ion bombardment with Ar+ ions at normal incidence, the co-

deposition of metals can trigger the formation of dot arrays on Si surfaces, which

cannot be observed under clean conditions. For example, ion beam erosion

experiments performed in ultrahigh vacuum and taking care that the ion beam

hits the Si(001) surface only, no ion beam-induced pattern forms on Si for incident

angles �45� with respect to the surface normal using 2 keV Kr+ and fluences of

�2 � 1018 cm�2 [327]. Therefore, pattern formation at normal or small off-axis ion

beam incidence may be substantially influenced by metal impurities coming from

broad beam ion sources or which are deposited by sputtering from the target holder

surrounding the sample. Ion beam properties, like angle divergence and energy

distribution of the ions also significantly influence the evolution and features of

surface pattern, which was investigated, for example by Ziberi et al. [328].

Summarizing published studies, focused and unfocused ion beams with varying

diameters from tens of nm (FIB) up to ~(1–20) cm (broad beam ion sources) have

been used. Though mostly low energies (up to 2 keV) are used, higher ion energies

of (4–50) keV for self-organization of surface pattern have also been applied. The

wavelength of the ripples l ranges over two orders of magnitude from several

micrometers to several decades nanometers, depending on ion beam parameters and

intrinsic materials properties. For example, on semiconductor surfaces (Si and Ge),

these surface patterns are nanometer-scale structures, typically with a peak-to-

valley amplitude between 0 and 10 nm and a periodicity between 30 and 300 nm.

Recently, very regular surface pattern of dots and ripples with an unusual high

aspect ratio (amplitude-to-wavelength ratio) of about one were observed at ion

irradiation of Ge surfaces with heavy Bi cluster ions [329, 330].

There exist some theoretical models that try to explain the resulting surface

topography during ion irradiation. Nevertheless, a complete understanding of the

physical processes has not been achieved yet. At present it is widely accepted that

the reason for the spontaneous buildup of a self-organized regular pattern is the

competition between surface roughening induced by sputter removal of atoms and
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diffusive surface smoothing mechanisms. Most theoretical explanations are based

on the Bradley and Harper (BH) erosion-smoothing mechanism [331]. In this

continuum model a linear continuum equation is used, which describes the surface

topography as a continuous function, and the atomic near-surface structure is not

considered to provide a physical understanding of associated atomistic

mechanisms.

The BH model describing the sputter morphology evolution and the main

features of ripple formation is based on the sputter theory developed by Sigmund

[27, 332], which relates the erosion rate to the energy deposition onto the surface by

sputtering. As shown in Fig. 4.75 the energy deposition with ellipsoidal shape

differently depends on the local surface curvature—it takes place closer to the

Fig. 4.75 Scheme of the ion

erosion-driven Sigmund-

instability of planar surfaces.

The ellipses contours

represent the iso-energy

contours of energy

deposition. Rp, DRp, and DRt

are the projected ion range,

the longitudinal and

transversal ion straggling,

respectively

Fig. 4.76 Formation of periodically modulated ripple structures. (a) Ion induced roughening due
to higher sputter yield at regions of positive surface curvature. (b) Surface smoothing by surface

migration (diffusion) of atoms transporting material from negative curvature to positive curvature

regions
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surface at convex areas than of concave areas. Thus, the average energy and also the

erosion rate are larger in points with positive curvature (A) than in those with

negative curvature (A0). Obviously, the surface becomes unstable and the initial

surface roughness gets amplified. According to the BH model the curvature depen-

dent erosion rate induced surface roughening competes with opposite processes of

smoothing the surface, which leads to the formation of periodically modulated

ripple structures, as schematically shown in Fig. 4.76.

In general, the BH model successfully predicts some experimental observations

such as ripples orientation, and the exponential growth of the amplitude at short ion

irradiation times. However, at long erosion times, the ripples amplitude saturates

and this fact cannot be explained by this model. Another implication of BHmodel is

that the wavelength of the ripples should decrease for increasing ion energy, but at

room temperature the opposite effect has been experimentally observed. Further-

more, the BH model implies that flat surfaces would remain flat due to the absence

of valleys and hills. However, experimental observations show that under ion

bombardment, in many cases, different types of structures evolve on initially flat

surfaces. To overcome these problems more generalized continuum theories

(higher order extensions of the BH equation) have been developed taking into

account, for example:

• Nonlinear effects related to the incidence angle dependent sputtering yield

which are responsible for the surface roughness saturation with time [333]

• Ion-induced effective surface diffusion (ESD) as a relaxation mechanism [334]

• Stabilizing effect of ion impact induced lateral mass redistribution to offset the

BH destabilizing erosive mechanism at low angles [335]

• Other nonlinearities and higher order terms into a most general nonlinear

equation [336]

• Re-deposition of eroded material during sputtering onto the surface [337]

However, to explain the self-organization of nanostructures due to ion erosion,

more complex mechanisms responsible for the morphological evolution on differ-

ent material surfaces must be taken into account. Moreover, during the ion bom-

bardment the surface of the substrate is far from equilibrium and many atomistic

surface processes become effective. Therefore, atomistic models, based on kinetic

Monte Carlo (KMC) and Molecular Dynamic (MD) simulations can give additional

useful information about the physical mechanisms behind the macroscopic surface

pattern formation (see, for example, [338] and [339], respectively). It has been

shown by KMC simulations that the combination of curvature-dependent sputtering

based on the Sigmund model with thermally activated surface defect diffusion can

produce surface patterns similar to those predicted by the BH theory. The results of

MD simulations which take into account the surface mass re-arrangement caused

by finite atomistic crater rims can explain, for example, the experimental observa-

tion of ripple amplitude saturation, which cannot be accurately predicted by the BH

model or any other known numerical or analytical model for the sputter erosion

surface instability.

Nowadays, ion-induced nanopatterns become interesting for various technolog-

ical applications. By controlling the surface pattern down to the nanoscale, the
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structure and properties of thin films deposited on these surfaces can be tuned. For

example, nanostructured ripple surfaces can be used as templates for the growth of

thin metal films with predefined magnetic anisotropy [340]. In addition, the self-

organized alignment of physical-vapor deposited metal nanoparticle chains or

arrays of metallic nanowires with anisotropic optical properties, e.g., dichroitic

plasmonic properties, have been recently demonstrated [341].

4.7 Ion Beam Shaping of Nanomaterials

The controlled anisotropic deformation of nanomaterials (e.g., NPs) by their irradiation

with high energy ion beams is usually called “ion beam shaping.” The energy loss of

heavy high energy ions (>2MeV) in the target is dominated by electronic stopping Se.
Due to the large mass difference between the ion and the electrons, the ion track

remains roughly straight and the target atoms around the ion track are electronically

excited. The energy in the electronic subsystem is subsequently transferred to the

atomic subsystem by means of electron–phonon coupling, resulting in a local lattice

temperature which can exceed several thousands of Kelvin [342, 343]. This can lead to

the formation of a cylindrically shaped molten ion track with a typical diameter of

several nanometers. These processes, called thermal spike model, can therefore induce

structural changes in the target material such as amorphization, defect generation, and

structural transformations, and finally macroscopic, anisotropic deformation of micro-

and nanoscale objects as a result of microscopic processes occurring in the ion track

(thermal spike) of individual ion impacts.

Anisotropic deformation of colloidal particles and nanoparticles assembled on a

surface or embedded in insulating materials by MeV heavy ion irradiation has been

intensively studied in recent years. As shown in Fig. 4.77 the deformation of

micrometer-sized colloidal silica ensembles on Si surfaces by irradiation with

0.3–4 MeV Xe+ ions was employed to change their spherical shape into oblate

spheroids [345–347].

Under MeV ion irradiation amorphous silica NPs change their shaping rate into

oblate ellipsoids depending on the ion energy and irradiation temperature. The final

shaping anisotropy is determined by the ion fluence and the deformation increases

with ion fluence and is independent of the ion flux. Size aspect ratios as large as ten

Fig. 4.77 Silica particle on silicon after irradiation with 4 MeV Xe+ ions to a fluence of

4 � 1014 cm�2 at 90 K. The ion beam direction indicated by the arrow was tilted 45� from the

surface normal. The initially spherical silica particle is indicated by the dashed circle [344]
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have been achieved. It was also found that small silica NPs (~40 nm) show less

deformation than large particles (~1,000 nm). The deformation characteristics,

expansion in the direction perpendicular to the ion beam and the shrinkage in the

direction parallel to the ion beam with remaining constant particle volume, are

explained by the viscoelastic thermal spike model of Trinkaus and Klaumünzer

[348, 349]. Ion beam modified colloidal ensembles as photonic crystals and colloi-

dal masks are of great interest due to their unique nano- or microstructures with

distinct optical properties [350].

Many investigations show that the deformation characteristics for metallic NPs

are quite different compared to amorphous silica particles. In [351, 352], for

example, core/shell particles with a Au core of 14 nm diameter surrounded by a

72 nm thick silica shell were irradiated with 30 MeV Si+ ions at a fluence of

2 � 1014 cm�2 (see Fig. 4.78).

The observed deformation of the silica shell was consistent with the anisotropic

deformation described earlier. However, the Au core has deformed into rods with

dimensions of 6 by 38 nm with the major axis along the direction of the ion beam

and the minor axis perpendicular to it. Size aspect ratios up to nine were observed

for the Au nanorods. Experiments with Au core/silica glass shell NPs have shown

that the Au core particle only deforms when the silica shell surrounding the particle

is thicker than a critical thickness of ~30 nm. This different deformation behavior of

the metallic NP is attributed by the authors to the in-plane mechanical stress in the

silica shell acting on the radiation-softened Au core.

Similar ion beam shaping of crystalline metallic NPs was observed, for example,

for Co [353], Pt [354], Ag [355], and extensively investigated for Au NPs embed-

ded in silica glass or in thermally grown SiO2 [352, 356, 357]. As an example,

Fig. 4.79 shows a typical shape transformation from spherical NPs with an original

diameter of �20 nm and embedded in SiO2 (Fig. 4.79a) into Au nanorods (or

nanowires) aligned parallel to the direction of the ion beam.

Fig. 4.78 Core–shell particle with a 14 nm-diameter Au core and a 72 nm-thick silica shell after

30 MeV Se+ ion irradiation at an incidence angle of 45� (indicated by the arrow) at a fluence of
2 � 1014 cm�2. The original spherical shape of the Au core and the silica shell are indicated by

white and black dashed circles, respectively [351]
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The elongation progressively increases with increasing ion fluence as shown in

Fig. 4.79b, c. The Au NPs have been irradiated with 38 MeV I7+ ions with a fluence

of 1 � 1014 cm�2 (Fig. 4.79b) and 2.5 � 1014 cm�2 (Fig. 4.79c) leading first to

prolate-like nanorods with a length of �72 nm, a width of �15 nm, and an aspect

ratio of about 5 and to pronounced nanowires with a length of �140 nm, a width of

�8 nm, and an aspect ratio of about 17, respectively.

The deformation of spherical Au NPs into nanorods does not follow the visco-

elastic thermal spike model and other mechanisms must be the reason. Compared to

amorphous insulators it is noteworthy that crystalline metals or freestanding metal-

lic NPs do not deform under high energy ion irradiation, which is ascribed to the

Fig. 4.79 Ion beam shaping of nearly monodispersive spherical Au NPs with a mean diameter of

�20 nm using 38 MeV I7+ ions: (a) Au NPs embedded nearly in the middle of a 130 nm thick SiO2

layer, (b) Au particle elongation after irradiation with a fluence of 1 � 1014 cm�2, and (c) Au
nanorod formation after irradiation with an ion fluence of 2.5 � 1014 cm�2. The dashed line
indicates the depth plane in which the initial NPs were located
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absence of ion track formation due to the large electron mobility of metals, and to

fast recrystallization that restores the original state of the material. Thus, the

formation of nanorods must be a result of processes that affect both the metal and

the surrounding silica matrix and cannot be attributed only to the in-plane mechan-

ical stress in the surrounding silica matrix acting on the radiation-softened Au NP.

The shaping behavior of crystalline metallic NPs (e.g., Au) in dependence on ion

fluence F and deposited energy by electronic energy loss Se(x) has been

investigated in detail by Dawi et al. [358].

The results show the existence of two thresholds, an energy loss threshold

(Fig. 4.80a) and a fluence threshold (Fig. 4.80b) for metallic NP elongation,

which depend on both NP size and electronic stopping power Se (ion mass and

energy) of the incoming ions. As can be concluded from Fig. 4.80a the energy loss

thresholds for elongation of Au NPs with (15–30), (40–50), and 80 nm diameter are

around 3.5, 5.5, and (7–8) keV nm�1, respectively. In general, the data from

irradiations with different kinds of ions and at different ion energies indicate that

a mean threshold of (4–8) keV nm�1 in the electronic energy loss can be expected

above which deformation of the metallic NPs occurs. In comparison, the electronic

energy loss threshold for amorphous NPs (e.g., silica) is much lower and in the

range of Se � (0.1–1.8) keV nm�1. The deformation rate A(cm2) of the NPs in

Fig. 4.80a is defined as the relative differential RBS Au peak width change dE per

unit fluence dF, A ¼ (1/E)(dE/dF). Taking into account the first data points (above
the threshold) of the relative change of the Au RBS peak FWHM versus fluence,

and defining dE/dF as the slope of the linear width increase, A can be plotted versus

the electronic energy loss Se in the SiO2 matrix. In general, the ion fluence threshold

depends on the ion mass and energy and decreases with increasing ion energy and

ion mass. With increasing NP size the fluence threshold for NP deformation

increases. Typical values of the fluence threshold for metallic NP deformation

can be expected in the range between 5 � 1013 and 5 � 1014 cm�2.

Fig. 4.80 (a) Au peak width (FWHM) measured by RBS, representing the Au nanorod size

versus fluence for 15 nm Au NPs embedded in SiO2 under Ag+ ion irradiation at different ion

energies. (b) Deformation rate A as a function of electronic stopping Se in SiO2 for Au NPs with

different diameter of (15–80) nm irradiated with Ag+ ions [358]
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Thermal spike calculations of the temperature elevation around the NP are in

correlation with the increase of the deformation rate with increasing ion track

radius, i.e., with increasing electronic stopping power of the incoming ions. For

the deformation of metallic NPs embedded in a silica matrix, two possible

mechanisms for deformation can be considered: (1) The nanoparticle responds to

the stress field generated in silica by ion tracks squeezing the NP by the surrounding

matrix (indirect mechanism). (2) The ion track overlaps with both the NP and the

silica matrix, giving rise to transient gradients (chemically, thermally, mechani-

cally) acting on the involved metal atoms of the NP (direct mechanism).

In experiments for metallic NP deformation (elongation) in SiO2, the energy loss

Fig. 4.81 Cross-section (X)TEM image of the as prepared sample with Ge NPs with different

sizes of 8, 18, and 37 nm from top to down (a). Overview image (b) and high-resolution images

(c–e) of the sample after irradiation with 38 MeV I7+ ions at a fluence 1 � 1014 cm�2. The largest

Ge nanoparticles remain spherically and consist of a mixture of polycrystalline and amorphous

regions (c). The oblate (d) and rod-like (e) Ge particles are completely amorphous
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by electronic stopping is higher than the threshold for silica deformation and in-

plane stress fields in the silica matrix are always present.

Contrarily to ion beam shaping of metallic NPs embedded in silica, the defor-

mation of crystalline semiconducting Ge NPs evolves with shrinking of the NP in

the ion beam direction and expanding perpendicular to the direction of the ion beam

which was experimentally observed by Schmidt et al. [359, 360]. As shown in

Fig. 4.81 at given irradiation conditions (38 MeV I7+ ions at a fluence

1 � 1014 cm�2) the deformation and the shape depend on the size of the spherical

Ge NPs.

The largest Ge nanospheres in the top layer kept spherical (cf. Fig. 4.81c),

whereas medium-size Ge spheres in the middle layer became oblates (cf.

Fig. 4.81d), and smaller ones, in the bottom layer, shaped rod-like (cf.

Fig. 4.81e). The high-resolution cross-section (X)TEM image in Fig. 4.81c shows

that the large unshaped spherical Ge nanoparticles are in a mixed polycrystalline

and amorphous state. The oblate and rod-like Ge particles in Fig. 4.81d, e,

respectively, reveal a completely amorphous structure. At a higher fluence of

�5 � 1014 cm�2 the larger Ge NPs of Fig. 4.81c become smaller, obviously due

to partial ion-induced Ge dissolution into SiO2. These Ge NPs reduced in size start

to deform too. This effect was also observed during irradiation of metallic NPs

embedded in silica, for example in [357].

At present, the different shape evolution of metal (Au, Ag, Pt, etc.) and semi-

conductor (Ge) NPs is not yet fully understood. One possible approach for the

physical description accounts for the well-known in-plane stress generated by ion

tracks in the surrounding silica matrix and for ion tracks overlapping with the NPs

the electronic energy relaxation in the whole nanoparticle.

Molten SiO2 tracks are expected if the energy of electronic stopping in SiO2 per

length unit exceeds the threshold of dEel/dx > 2 keV nm�1. In most cases the

molten track diameter is small compared to the nanoparticle diameter. The interac-

tion of the molten tracks with the nanoparticles seems to dissolve some material

from the NPs in the SiO2 matrix [357, 359], which has been not yet considered by

the model. Whereas in SiO2 the deposited electronic stopping energy relaxes within

a rather confined volume into the phonon system leading to narrow molten tracks, in

metals and in Ge the electronic energy relaxes in larger volumes, here we assume in

the melts if the following relation is fulfilled:

dEel
NP

dx
� LNP 	 4p

3
� R3

NP � Hmelting
NP � rNP; (4.12)

where LNP is the length of the ion track in the nanoparticle, RNP is the radius of the

nanoparticle, Hmelting
NP is the heat of melting, and rNP is the density of the NP. Thus,

for a given electronic stopping power a spherical nanoparticle melts under the

condition that
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Rmax
NP �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3 � dEel

NP=dx

2p � Hmelting
NP � rNP

s
: (4.13)

where melting of NPs is restricted to LNP � 2�RNP. If we set both sides of (4.13)

equal we find the largest spherical NP with radius Rmax
NP which can be molten by

electronic stopping. For example, in the case of 38 MeV I7+ ion irradiation the

electronic stopping power in Ge is dEel/dx ¼ 7.7 keV nm�1 and we get a maximum

particle radius of Rmax
NP � 16 nm, which means that Ge particles with smaller sizes

will be molten. This estimated size threshold for melting is in agreement with the

experimentally found shaping of the three different nanosphere sizes (Ge NPs of

9 nm radius are shaped, whereas NPs of 18.5 nm radius remain spherically, see

Fig. 4.81c). The particle radius of 18.5 nm for the largest Ge nanoparticles is above

the threshold of Rmax
NP � 16 nm. It should be noted that below the shaping threshold,

which can be assumed to be Rmax
NP , two shaping modes have been identified

(Fig. 4.81d, e): NPs with radii being much larger than the molten track diameter

shape into disks, whereas rod-like shaping is found for NPs with radii comparable

with the molten ion track radius. It appears that both are necessary for Ge NP

shaping with swift heavy ions, molten tracks in SiO2, and molten Ge NPs.

The following driving forces for tailoring of NP size distributions, shapes, and

anisotropies of nanoparticles by high energy heavy ions can be assumed: (1) the

materials dependent electronic stopping power, (2) the volume change of the silica

matrix and the NPs upon melting, (3) the asymmetric hydrodynamic flow due to

stress field hysteresis, (4) the far-from-equilibrium steady-state solubilities, and (5)

the strongly anisotropic diffusion coefficients. One of the most striking effects upon

melting of the NPs as schematically shown Fig. 4.82 is its volume change �DV/Vs

Fig. 4.82 Scheme of different deformation for metal (Au) and semiconducting (Ge) NPs pro-

posed by Heinig (private communication). (a) NP elongation in direction of the ion beam direction

due to the expansion of the molten metal into the molten SiO2 track. (b) NP shrinking in direction

of the ion beam due to the contraction of the molten semiconductor material
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with Vs the solid state volume, for example, contraction by ��5 % for Ge or

expansion by about �þ5 % for Au.

When the NP melts it is forced to expand (Au) or to reduce (Ge) its volume.

Because it is embedded in SiO2 a high tensile stress is built up. During the

extremely short melt periods of 10. . .100 ps, this stress can relax only partly via

the molten SiO2 track, not via the solid SiO2 matrix. Thus, the intersection

interfaces between molten SiO2 and molten Au moves outward and the molten

Ge moves into the NP to allow for the molten Au expansion and for the molten Ge

contraction, thereby reducing the tensile stress. Within a few tens of picoseconds

the molten NPs cool down, reaching due to the extreme cooling rate a strongly

Fig. 4.83 KLMC simulation of the Au nanoparticle deformation. The relative particle size l/2R0

is shown as function of the fluence for 54 MeV Ag+ ion irradiation. l is the length of the Au rod and
R0 is the radius of the initially spherical Au NP. The insets show the simulated Au NP shapes after

irradiation with 1 � 1014, 2 � 1014, 3 � 1014, and 4 � 1014 cm�2 (Heinig KH, private

communication)

Fig. 4.84 KLMC simulation of the Ge nanoparticle deformation. Shown is the relative particle

radius change (Rxy–R0)/R0 as a function of the fluence for 38 MeV I7+ ion irradiation. Here, Rxy is

the larger radius of the oblate spheroid and R0 is the radius of the initially spherical Ge NP. The

insets show the simulated Ge nanoparticle shapes after irradiation with fluences of 1 � 1014,

2 � 1014, and 4 � 1014 cm�2 [360]
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under-cooled liquid state. From that state it re-solidifies suddenly without a chance

of re-contraction (Au) or re-expansion (Ge) in the track, which is now solid. Thus,

after melting and re-solidification of NPs in SiO2 a hysteresis of the volume change

appears. In the proposed model, this hysteresis is assumed to be the driving force for

NP shaping into rods or disks. Based on this model kinetic Monte Carlo simulations

described in [195] have been carried out taking into account spatio-temporal

temperature profiles of the molten tracks, the volume change of the silica matrix

and the NPs upon melting, and the temperature-dependent solubility and diffusivity

of the NP material in molten silica surrounding the NP. Two examples of KLMC

simulation results for the deformation behavior during high energy ion irradiation

of Au and Ge nanoparticles are shown in Figs. 4.83 and 4.84, respectively.

KLMC simulation results in Fig. 4.83 are compared with experimental results

taken from [358] for the irradiation of Au NPs with 54 MeV Ag ions for different

fluences. The simulation was performed for an Au NP size of 15 nm, a track radius

of 4.5 nm, and a minimum track length LNP inside the NP of R0/2. The insets in

Fig. 4.83 show the side views of the NPs at the positions of corresponding fluences.

The transformation of the spherical Au NPs into elongated nanorods agrees very

good with the relative size change experimentally observed by Davi et al. [358] (see

experimental data in upper curve in Fig. 4.80b). Assuming that ~1 % of the Au NP

volume change upon melting and subsequent shrinking during resolidification is

pressed into each ion track the simulation results nicely fit the experimental data.

The simulation in Fig. 4.84 was performed for a Ge NP size of 16 nm, a track

radius of 3.8 nm, and a minimum track length LNP of R0/2. The insets of Fig. 4.84

show the side views of NPs at the positions of the fluence which they experienced.

The shaping agrees nicely with the experimentally found shapes (see Fig. 4.81b, d),

even the required fluences agree. The saturation of shaping at high fluences seen in

Fig. 4.84 results from the minimum track length LNP, because too flat Ge NPs will

be no longer molten. The model works only for NPs being larger than the track

radius, and therefore small Ge NPs becoming elongated (Fig. 4.81e) cannot be

modeled. Additionally, a fluence-dependent dissolution of Ge NPs has been

observed experimentally which decreases the size of initially not deforming NPs

until they shrink below the critical size of (4.12). Afterwards they get a prolate

shape too.

The striking agreement between the experiments and the KLMC simulations

suggests that the driving force for ion beam shaping is inherently included in the

model for atomistic simulations. Finally, the task to identify the microscopic

physical origin of driving forces of ion beam shaping remains difficult. Neverthe-

less, the main behavior of ion beam shaping not only for metal but also for Ge

nanoparticles can be satisfyingly described. The experimentally observed growth of

very long (~200 nm) Au nanowires at the expense of shorter ones [357] requires an

Au transport through the silica matrix which has been also considered in KLMC

simulation of ion beam shaping, and a preferred growth of longer nanowires has

been observed too (Heinig KH, private communication). Subsequent ion tracks

which overlap with the volume of former tracks enable the dissolved Au to diffuse

away from the NP, and gold can diffuse track by track from one nanoparticle to

another. As the driving force for the preferred Au diffusion from shorter Au
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nanorods to longer ones some kind of Ostwald ripening has been identified and

KLMC simulations reproduce nicely that experimental finding. The driving force

identified so far is related to a strong anisotropy of the mean Au diffusion along the

ion track and perpendicular to the track into the surrounding silica matrix.

From application point of view, especially metal nanoparticles (Au, Ag, Cu) are

studied extensively, because their near-field and far-field optical response promise,

for example, nanophotonic applications for subwavelength light guiding in nano-

particle chains, plasmonic light sources, plasmon lasers, enhanced LEDs, and

enhanced solar cells. For these purposes nanorods and nanowires are of special

interest since their plasmon resonance frequencies can be tuned over a wide range

by varying the aspect ratio and length of the nanoparticles.

4.8 Ion Beam Processing of Other Materials

Ion implantation is a unique technique to modify the near-surface region of a wide

range of solid materials independently of many of the constraints associated with

conventional processing methods. In most cases materials, such as metals and most

semiconductors, are rather insensitive to the electronic part of the energy deposi-

tion. Other materials, for example insulating and dielectric materials such as ionic

solids, alkali and silver halides, dielectric glasses, and amorphous materials, are

quite sensitive to the energy deposited in their electronic systems. The high

sensitivity of these materials to ion irradiation makes them particularly attractive

for ion beam modification.

Besides the wide application of ion implantation and ion beam synthesis in the

semiconductor industry, ion beam methods found application, for example, to the

synthesis and modification of metal-nitride layers in metal alloys, and the modifi-

cation of polymers, insulating optical materials and ceramics. Two general ion

beam processing methods are widely used for surface modification of

nonsemiconductor materials: scanned or broad beam ion implantation, in which

the ion beam is directed toward mostly planar substrate surfaces, and plasma

immersion implantation, where the ions hit the surface of nonplanar, three-

dimensional, workpieces from all directions. The ion beam treatment is designed

to modify only the surface properties of materials without changing their bulk

properties. Some of the surface properties that can be modified by ion beam

processing are hardness, fatigue, toughness, adhesion, wear, friction, corrosion

oxidation, dielectric properties, magnetic properties, superconductivity, resistivity,

and catalysis.
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4.8.1 Ion Implantation into Metals

The first application of ion implantation into metals was reported in 1969 by

Dearnaley [361], who addressed the possibility of improving mechanical and

corrosion behavior of steels that are of relevance to the metal processing industry.

Ion implantation into metals has shown remarkable improvement in properties, for

example, of nitrogen-implanted alloy steels and of nitrogen-implanted aluminum

tools for machining high-temperature alloys. An extended overview of ion implan-

tation into metals the reader can find in [362]. Plasma immersion ion implantation

(PIII) has introduced another set of opportunities for metal surface treatment by

ions and a rapid increase of PIII facilities which are now commercially available.

The PIII treatment of metals introduced by Conrad et al. [363] in 1986 can achieve

advantages over directed beam implantation. The effects of implanting nitrogen

into metal surfaces previously or simultaneously enriched, for instance with carbon

and/or boron by vapor deposition which is known as ion beam-assisted deposition

(IBAD), also have been found application to metals.

As demonstrated in many studies (see, for example, [364–368]) ion implantation

can modify the surface-sensitive mechanical (wear, friction, hardness, adhesion,

fatigue) and chemical (corrosion, oxidation, electrochemistry, catalysis) properties

of steels. For example, fatigue life has been extended by as much as a factor of two,

the coefficient of sliding resistance can be reduced by as much as a factor of 100, the

surface hardness can be increased by 2–3 times, and the wear resistance increased

by a significant amount. Studies have concentrated on the use of nitrogen ions, but

the use of C+, B+, Ti+, and Mo+ ions has also shown promising results. Today the

PSII processing is already used in large-scale manufacturing, such as of automotive

parts. A very useful application of this process is in the ion implantation of medical

prostheses based on Ti alloys (e.g., Ti6Al4V). For instance, artificial hip joints with

complicated shapes have been implanted with nitrogen ions for wear and hardness

improvement to increase the lifetime of such devices [369].

N+ is the most common ion used for metallurgical applications and causes

pegging of microcracks, filling of lattice spaces in crystalline structures of the

polycrystalline material, and chemical reactions to form nitride compounds, giving

new lattice properties. One example is N+ ion implantation of different austenitic

stainless steels (e.g., DIN 1.4301 or AISI 304) with high chromium content where a

substantial increase in hardness by converting Cr in the near-surface layers to

chromium nitride and a wear improvement (reduction factor) up to a factor of 30

have been achieved. Improvements by B+ and C+ implantation into steels have been

also reported. These improvements are explained in analog to metallurgical

boridizing and carburizing of metal surfaces to form metal-boride and -carbide

phases. N+ ion implantation alone or combined N+/C+ implantations are also applied

to mold steels which are usually made from FeCr ferritic stainless steels with higher

carbon content (e.g., Cr12MoV, X36CrMo17, or X155CrVMo12.1) [370, 371].

These materials do not withstand high-temperature thermal processing, often

suffering significant distortions or significant decrease of hardness at temperatures
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above (200–300) �C. Ion implantation can substantially improve the surface

properties with negligible distortion or oxidation effects, and induce high surface

hardnesses (~1,100–2,000 Vickers hardness) resulting in substantial increases in

tool lifetimes [372]. For injection and extrusion screws used, for example, in molten

plastic pumps ion implantation produces a low friction, wear-resistant surface on the

screw and allied components. Interesting industrial applications of N+ ion beam

processing of metals are, for example, in manufacturing of steel knives for cutting

meat, plastic, paper, or rubber for which a life improvement by a factor of four to

seven could be reached. Compared to other ion applications, for example, to tooling

the field of medical implants, such as steel knives was advancing more quickly. This

is because ion implantation appears to be the only surface modification technique

that can successfully harden titanium alloy’s surface (e.g., Ti/6AI/4V) without

compromising surface finish, dimensionality, or cosmetic appearance.

Other examples are titanium alloys (titanium aluminides) which are used as light

weight materials where ion implantation (PIII) can help to improve substantially

materials properties under harsh environmental conditions. Despite of their good

mechanical properties they cannot be applied yet, for example, in aero engines due

to their insufficient oxidation resistance at temperatures above roughly 800 �C.
Using implantation of halogens, especially F+ ions, into the subsurface zone of the

TiAl components the oxidation behavior of TiAl alloys can be improved signifi-

cantly [373–376]. For turbine blades, as examples for real TiAl components,

PIII implantation of F+ ions extracted from a Ar/CH2F2-RF-plasma

(400 W, 500–750 Hz) by negative pulses of �30 kV, 10 ms using a total

number of 1 � 106 pulses was carried out leading to a retained fluorine dose of

�6 � 1017 cm�2. The investigations showed an increased high-temperature oxi-

dation resistance after PIII treatment due to the formation of thin protective

alumina layer on the surface in contrast to a fast growing, nonprotective thick

mixed oxide layer (TiO2/Al2O3) on untreated samples during high-temperature
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Fig. 4.85 Comparison of the

oxidation behavior of g-TiAl
before and after processing by

BLII and PIII with F+ ions.

Insets: As-received

(untreated) turbo-charger

rotor (top left). Exposure in
air at 1,050 �C for 100, 600,

and 1,200 h. The same rotor

after fluorine treatment

(bottom right). Exposure in
air at 1,050 �C for 100, 600,

and 1,200 h
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oxidation in air. The formation of a growing Al2O3 layer is promoted by the

fluorine. This so-called fluorine effect leads to the preferential intermediate

formation of gaseous aluminum fluorides at elevated temperatures if the fluorine

content at the surface is being kept within a certain concentration range. These

fluorides are then converted into solid Al2O3 due to the high oxygen partial

pressure of the high-temperature environment forming protective pure Al2O3.

The thin Al2O3 surface layer is not be damaged by high-temperature corrosion

and is stable even under thermocyclic conditions and in wet and aggressive

environments which are typical for technical high-temperature applications

[377, 378].

Fig. 4.85 shows an example for improvement of high-temperature oxidation

resistance of TiAl alloys by plasma-immersion ion implantation (PIII) and beam-

line ion implantation (BLII) of fluorine ions. The curves for mass change versus

time representing the oxidation behavior were measured by thermogravimetric

analysis (TGA) and studied during thermocyclic exposure. The ion beam treated

samples (red and blue curve) show a significant lower mass gain (higher oxidation

resistance) than the untreated sample (black curve). After optimization of implan-

tation parameters for the F+ ion PIII the same good TGA results compared to

optimum beamline implantation of fluorine (25 keV, 2 � 1017 cm�2) were found.

In this case, the PIII parameters were the following: pulse length 10 ms, bias voltage

30 kV, RF power 400 W, frequency 750 Hz, 1 � 106 pulses, gas flow CH2F2/

Ar ¼ 15/5 sccm. The retained fluorine fluence was 6 � 1017 cm�2. For compari-

son, the upper left and bottom right insets in Fig. 4.85 show the change of turbine

rotor tools during high-temperature exposure before and after ion treatment,

respectively.

For other Al alloys and Al, the improvement of tribological properties by the

formation of an aluminum nitride surface layer has been also demonstrated using

low energy (1–10 keV) N+ ion implantation into heated samples. AlN exhibits high

hardness and wear resistance as well as significantly enhanced corrosion resistance.

The kinetics of aluminum ion beam nitriding has been intensively investigated by

Telbizova et al. [379–381]. It was shown that a thin stoichiometric nitride layer is

formed at the aluminum surface by diffusion of aluminum atoms from the bulk

underlying the AlN layer. An inhomogeneous AlN layer may form if the process of

ion beam nitriding is limited by Al diffusion rather than by N+ ion supply. At

otherwise identical conditions, an increased sample temperature will result in a

more homogeneous nitride layer.

The ion implantation into metals and metal alloys is continuing to develop in

different metallurgical areas. Ions other than nitrogen are increasingly used, for

example, rare earth elements such as yttrium to produce high lubricity and

corrosion-resistant surfaces. These developments of ion implantation will continue

to extend the options to use moderate temperature processing methods while still

achieving improved surface properties for increasing tool life. Ion implantation in

metals becomes an important and promising technique for surface nanomodi-

fication, especially in case of ultra precision tools where the depth of modification
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should be in range of 30–100 nm. Important advantage of this technique is the fact

that surface dimensions are not changed after implantation. This is especially

important for ultra precision tools where the subsequent dimension correction

would be extremely difficult.

4.8.2 Ion Implantation into Polymers

Conventional ion beam implantation has been introduced to modify the surface

properties of polymers, giving an improvement in such qualities as hardness,

conductivity, and biocompatibility. Plasma immersion ion implantation (PIII) as

an alternative method has the advantages of high implantation rates and conformal

treatment of three-dimensional polymer or plastic surfaces. Ion beam treatments

modify the outermost surfaces of polymers without affecting their bulk properties.

The ion beam processing of polymers has led to dramatic improvements in their

hardness. For example, after implantation, the surfaces of some polymers may

become harder than stainless steel, although the process may actually be a result

of carbonization of the polymer rather than by the synthesis of new compounds by

implantation itself. Physical and chemical effects appearing during ion implanta-

tion into polymers are described more in detail in [382].

The effects of ion implantation in the energy range from several keV to MeV on

polymers have been widely reported. The energy release of fast ions in polymers

produces pronounced changes in their chemical and physical properties associated

with the breaking and rearrangement of the original chemical bonds. Changing the

ion fluence three main modifications in polymers can be distinguished: (1) at low

ion fluences (~1014 cm�2) cross-linking between chains and chain scissions is

observed; (2) with increasing ion fluence (	1015 cm�2) the original polymer

structure is heavily damaged and exhibit properties close to those of hydrogenated

amorphous carbon; (3) at very high fluences (~1016 cm�2) graphitization of the

material occurs [383].

In contrast to ion irradiation of semiconductors and metals in polymers, the

electronic stopping (Se) and nuclear stopping (Sn) act simultaneously and both are

responsible for the change of their properties. It has been assumed that a complete

modification of irradiated polymer already occurs in the single-ion track, forming a

graphitized ion track due to the so-called linear energy transfer [LET—energy

deposited per unit ion path length (eV nm�1)]. The successive overlap of many

ion tracks with increasing ion fluence induces a complete change of chemical bonds

of the material. Thus, characteristic saturation fluences for each combination of ion

mass and energy are observed. The results of differently generated chemical effects,

such as modification of functional groups, destruction of the aromaticity, formation

of a three-dimensional compacted network, depend not only on the implantation

parameters (total deposited energy, electronic stopping Se, nuclear stopping Sn, and
ion fluence) but also upon the chemical composition and structure of polymers

[384, 385].
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A particularity during ion irradiation of polymers is that various gaseous molec-

ular species are released, for example hydrogen and less abundant heavier

molecules which are scission fragments. Cross-linking occurs when free dangling

ion or radical pairs on neighboring molecular chains join. Mechanical, physical, and

chemical property changes in polymers are determined by the magnitude of cross-

linking and scission. Cross-linking enhances the mechanical stability (increase of

hardness, improvement of wear, and starch resistance) and decreases the in-

diffusion and solubility of chemical solvents while scission degrades mechanical

strength and increases dissolution of polymers in solvents. The electrical conduc-

tivity and optical density increase by ion irradiation due to the formation of cross-

links and conjugated double and triple bonds in the polymer. Furthermore, the

charge carrier mobility can be increased by cross-linking which facilitate the

transport of charge carriers across molecular chains of the polymer. Additionally,

ion irradiation induces changes in the electronic structure and induces defects such

as anions and radicals (donors) and cations (acceptors). Thus, electrons can be

excited by visible light, and colour changes occur because of increased light

absorbance. With increasing ion fluence more energetic blue light is absorbed

first and the color changes from pale yellow to reddish brown and eventually to a

dark color. At very high ion fluences, a metallic luster appears because light is

scattered by electrons similar to the effect of free electrons in metals. Industrial

application examples are:

• The fabrication of conductive integrated circuit trays using N+ or Ar+ ion

implantation into modified poly-phenylene oxides to prevent IC failure caused

by static electricity

• The fabrication of scratch, UV absorbent and oxygen penetration protected

transparent polymers by N+, C+, or He+ ion implantation for sun caps, goggles,

cosmetic bottles, touch screens, etc.

The application of ion beams to polymer modification can be roughly classified

into three main fields: (1) surface modification of mechanical, chemical, and

electrical properties mostly by noble gas and metal ion implantation, (2) modifica-

tion of optical properties by nitrogen and noble gas ion implantation, and finally, (3)

synthesis of polymer composite materials containing metal NPs by implanting

metal ions, which is motivated by potential optical applications, such as

magnetooptic data storages and nonlinear optical devices [386]. The nonlinear

optical properties of polymer composites containing metal NPs, for example Ag

NPs in PMMA, are based on the dependence of their refractive index on incident

light intensity. The metallic NPs embedded in a polymer which exhibit an enhance-

ment of local electromagnetic field enhancement stimulates the linear optical

absorption of metal NPs (surface plasmon resonance, SPR). Between suitable

dielectric materials (e.g., SiO2, Al2O3, MgO) for embedding metallic NPs,

polymers will be of increasing interest.

Mainly noble gas and nitrogen ion, but also metal ion (Ag, Cu, Fe, Cr, Pt, Pd, W,

Ti, etc.), halogen ion (F, Cl), and silicon ion implantations have been investigated.

For polymer modification the selected ion energies are in the medium energy range

(30–500 keV) and relatively high fluences in the range from 1014 to 1017 cm�2 are
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implanted. The large number of different polymers and the change of their

properties by ion implantation/irradiation cannot be described considerably in the

frame of this chapter.

4.8.3 Ion Implantation into Insulating Optical Materials

Ion implantation is one of the most effective techniques for alteration of optical

properties including reflectivity, absorption, luminescence, and refractive index in a

large number of insulating optical materials [238, 387]. The ion beam-induced

optical properties are closely dependent on ion species, ion energy, and ion fluence.

Mostly investigated insulating optical materials are noncrystalline glasses, nonlin-

ear optical crystals, photorefractive crystals, and laser crystals. The ion implanta-

tion in optical crystals is mainly focused on the investigation and optimization of

ion-implanted planar and channel waveguides because optical waveguide structures

are the most fundamental parts of integrated optical circuits in the field of modern

optical communication. Recent activities in this field of research and development

have been reviewed by Chen et al. [388, 389]. It is evident that until now, ion

implantation has been used to produce waveguide structures in more than 100

optical materials, including glasses, inorganic crystals, semiconductors, and

organic materials (e.g., PMMA).

Ion irradiation (H+, He+, Ar+, etc.) induced defects and compaction of the glass

network in different glasses lead to an increase of the refractive index (RI) by a few
percent [390]. Implanting chemically active ions (e.g., N+, Li+) into fused silica

(SiO2) the RI can be increased significantly, for example from 1.46 to 1.96 with

increasing Li+ ion fluence [391]. Fused silica is widely used in the manufacture of

optoelectronic devices because the coupling between fused silica and optical fibers

is much easier resulting from the small difference between their RIs. Different

planar waveguides have been produced in fused silica by high energy ion implan-

tation of light (e.g., H+, 0.5–1.0 MeV, ~1016–1017 cm�2) and heavy (C+, 2–3 MeV,

~1 � 1015 cm�2) ions. Amorphous silicate and phosphate glasses are important

optical materials due to their good mechanical performance, high chemical stabil-

ity, and very high transparency in the infrared wavelength region. Rear earth doped

(e.g., Nd3+ and Er3+) glasses have been extensively used as hosts of waveguide

amplifiers and waveguide lasers with RIs tailored by high energy ion irradiation

(e.g., O+, ~5 MeV, ~1 � 1015 cm�2).

For optical waveguide applications, the change of the refractive index n by ion

implantation/irradiation has been intensively investigated in crystalline optical
materials. In these insulating covalent crystals (e.g., niobates), the value of n is

linked with the bond polarizability a of the lattice ions and the material density

(volume) via the Lorentz–Lorenz expression:

Dn
n

� �
¼ ðn2 � 1Þ � ðn2 þ 2Þ

6n2

� �
� DV

V
þ Da

a
þ F

� �
; (4.14)
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where the value of F accounts for the ion beam-induced structural changes of

composition, lattice structure, density, and stress of the insulator material. Materials

crystallinity implies an efficient packing density of lattice ions and therefore

radiation damage, and finally amorphization, reduces the density and then the RI

is reduced, for example in LiNbO3, the RI can be lowered up to 10 % by ion

irradiation [392].

In the development of integrated optics for communications and signal

processing, the control of the RI in a lithographically patterned and well-defined

region of the surface or in a buried region is essential. The prerequisite for optical

devices is the definition of optical waveguiding paths which result from the trapping

of light in a region of high refractive index. Ion implantation in insulating materials

always changes the refractive index and, depending on the target material and the

ion processing, can either increase or reduce the value of RI. Therefore, if the RI is

raised the ion implantation is made into the guiding region. Alternatively, if the RI

is decreased, ion irradiation is used to implant the regions adjacent to the guide.

Hence, for optically active devices it may be preferable to reduce the index of the

regions which act as waveguide boundaries, and so to preserve the optimum crystal

quality within the guide. Different waveguide structures have been proposed and

realized combining photolithographic patterning, etching, and ion implantation/

Fig. 4.86 Ion beam

processing for barrier-

confined waveguides.

(a) Planar waveguide on the

sample surface formed by

single implantation step to

create a buried vertical barrier

wall; (b) channel waveguides
produced by multiple ion

energy implantations to build

the side barrier walls with a

stripe mask; (c) vertical
barrier-confined planar

waveguide; (d) selective
etching of the planar

waveguide surface regions by

patterned etching; (e) ion
implantation with stripe

masks of wedged cross

sections, constructing

trapezoid cross-section

channel waveguides confined

by closed barrier walls inside

the substrate
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irradiation. The ion beam processing for the fabrication of planar, channel, and

ridge waveguides is schematically shown in Fig. 4.86.

By optimization of ion implantation and, if necessary, annealing parameters

most of these implanted materials show good light guiding properties with accept-

ably low loss and only minor degradation of bulk crystal properties.

In the majority of cases, the ion implantation in waveguide technology is carried

out by high energy (0.5–5 MeV), light ion implantation (H, He), and sometimes by

heavy ion implantation (C, O, P, Si, etc.). The light ion implantation requires higher

fluences of 1015–1016 cm�2 than the heavy ion implantation to form the waveguide

structure. In some materials, fluences of only ~1013 cm�2 are sufficient for the

heavy ion-implanted waveguide formation. Usually, when high energy H+ and He+

ions are implanted into optical crystal substrates, an optical barrier with a lower RI

compared to the substrate will be formed, leaving a nearly undisturbed region

between the optical barrier and the substrate surface. In the case of heavy ions

implanted into the optical crystal, the electronic energy loss Se is strong enough to

change the optical properties in the near-surface region. This change surely weaks

the birefringence of the implanted region, resulting in the increase of the RI. The

confinement of light in this type of waveguides relies on the enhanced RI layer so

that they are sensitive to light polarization direction.
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