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1. Introduction

The transition from amorphous Silicon to crystalline Silicon is a process of great
technological importance and has raised an enormous interest also from a purely scientific
perspective. Ion irradiation through an amorphous/crystalline interface may stimulate
recrystallization or layer-by-layer amorphization depending on the sample temperature and
ion beam parameters. In this chapter, we address some key features of this recrystallization
phenomenon. The recrystallization/amorphization process will be discussed in relation to
its dependence on the energy deposited during the ion beam irradiation, the sample
temperature, and the presence of impurities, such as iron atoms dissolved within an
amorphous silicon layer. Also it will be discussed the specific experimental condition under
which a metastable phase of the FeSi, binary compound is trapped within a region of the
recrystallized Silicon, in the form of nanoparticles. Theses nanoparticles, with different
orientations and morphologies, are shown to cause interesting distortions in the
surrounding Si crystal lattice. This effect reflects an important application of the ion-beam
induced recrystallization process, as a method that could be used to synthesize ordered
nanoparticles within a Silicon matrix.

2. Epitaxial crystallization

The amorphous Silicon (a-Si) is a Si phase with well-defined thermodynamic properties
and that presents Gibbs free energy of ~ 0.12 eV/at. higher than that of the crystalline
phase (c-Si) (Donovan et al., 1985, 1989; Roorda et al., 1989). This implies the existence of a
driving force for the transition from the amorphous to the crystalline phase to occur. In
other words, there is a natural tendency for the (a-5i) — (c-Si) transformation. At room
temperature, the a-Si phase is metastable and it is transformed into c-Si only when
submitted to high temperatures, typically higher than 450 °C (Olson & Roth, 1988§;
Williams, 1983). For the case of an amorphized layer on top of a Si single-crystal substrate,
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352 Recrystallization

the transition occurs by a planar motion of the crystal-amorphous (c-a) interface, from the
interior towards the surface, and hence decreasing the thickness of the existing
amorphous layer with time, as schematically illustrated in Fig. 1. This effect is called
epitaxial crystallization. For a pure thermal recrystallization process - SPEG (Solid Phase
Epitaxial Growth), the growth rate is strongly dependent on the temperature and it
presents an Arrhenius-like behavior with a unique activation energy of (2.68 + 0.05) eV
over a growth rate range of more than six orders of magnitude (Olson & Roth, 1988). For
instance, at 470 °C the c-a interface displacement velocity is ~ 1 A/min while at lower
temperatures, this value decreases considerably and the amorphous to crystal transition
becomes kinetically inhibited. However, epitaxial recrystallization of a-Si layers can also
be achieved at lower temperatures (~ 200 - 320 °C) by ion-beam irradiation. This
phenomenon represents a typical example of a dynamic annealing process and it is
usually referred to as Ion-Beam-Induced Epitaxial Crystallization - IBIEC (Priolo & Rimini,
1990).

It is well known that both the implantation and the irradiation processes (depending on the
dose and the beam ion mass) have the amorphization of the host matrix, as one of their main
effects. For the specific case of Si, when the deposited energy (energy loss of ion beam
mainly by nuclear collisions) handed by the projectile exceeds the threshold value of ~ 13
eV/at. a buried amorphous Si layer is formed (Narayan et al., 1984). However, if the Si is
irradiated at a temperature above ~ 150 °C, there is a competition between both phenomena:
amorphization and recrystallization.

SPEG (c-a) interface IBIEC (c-a) interface

‘—
4—
Ion beam
irradiation
4—
4—
L > L >
Planar motion of the interface Planar motion of the interface

Fig. 1. Schematic illustration of two recrystallization processes in Silicon. SPEG (Solid Phase
Epitaxial Growth) is a purely thermal process while, IBIEC is an ion beam induced epitaxial
recrystallization process.

In fact, the temperature rise of the Si substrate is not solely responsible for this trend of the
crystalline order recovery, since the recrystallization rate is greater than that obtained by a
purely thermal process at the same temperature. A more complex mechanism involving a
dynamic reordering stimulated by the ion beam is responsible for this effect. The
recrystallization under ion-beam irradiation is the result of the prevalence of dynamic
annealing over defect generation rate. Both processes depend on the substrate temperature
and on the parameters of the irradiating beam, such as ion species, energy, ion dose and ion
flux - also known as dose rate.
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lon-Beam-Induced Epitaxial Recrystallization Method and Its Recent Applications 353

2.1 Crystal-amorphous interface displacement velocity

Rutherford backscattering spectrometry in combination with the ion channeling technique
(RBS/C) is commonly used to directly monitor the c-a interface motion and infer the kinetics
of the IBIEC process. The following RBS/C results were carried out with He* beam at 1 MeV
in a 170° scattering geometry. Figure 2 presents c-a interface position measurements of [100]
oriented Si substrate previously implanted at room temperature with Fe* ions at 100 keV
energy. Channeled implantation was avoided by tilting the sample 7° normal with respect to
the incident beam direction. Subsequently, the recrystallization of the Fe-implanted surface
amorphous Si layer (filled circles in the figure) was induced by Si* irradiation at high energy
- 600 keV (whose projected range is well beyond the original c-a interface). In the IBIEC
experiments the substrate temperature was fixed and controlled. This allows discrimination
between the effects due to the heating of the sample holder and those due to ion-beam
irradiation. In order to avoid beam heating effects low current density (= 1 pA/cm?) was
therefore used with ion flux of ~ 6.2x1012 ions/cm?2s. The substrate temperature was
maintained at 350 °C. Essentially, one observes that the increase of the Si+ irradiated dose,
leads to a decrease in the distance between the c-a interface and the surface. That is, there is
a recrystallization towards the surface.
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600 keV Si* @ 350 °C —o—2.5x10" Si'/om®
g lon flux - 6.2x10" ions/cm’s --m-- 45x10" Si'/cm’

—a—6.5x10" Si'/cm®
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Fig. 2. Determination of the thickness of an amorphous layer using the ion channeling

technique. This particular case corresponds to the recrystallization of ~ 176 nm a-Si under
600 keV Si* beam irradiation keeping the substrate at 350 °C.

In implantation processes (Dearnaley et al., 1973), the implanted dose @ is the integral of the
ion flux in time, which corresponds to the total number of ions that were focused on the
sample per unit area

. T I ®-ng
O] 2y = —dt ’ T = £ ’ 1
(ion/cm®) jo "o, (s) A o’ (1)
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where: I is the beam current in ampere per unit area of the sample (A/cm?), g, is the electron
charge, n =1 for once ionized ions, n = 2 for doubly ionized species, and so on. The term I/g.
is designated as the ion flux ¢ (ion/cm2s) and T(s) is the implantation time in seconds. For
the IBIEC, one designates a certain irradiation dose ® and, consequently, the ion flux for
such irradiation by ¢ = d®/dt. When the ion flux is kept constant at a given crystallization
procedure, the irradiation dose may be interpreted as a measure of the processing time
described by

ch—a — ch—a dg _ ¢ ch—a J (2)

dt ad dt ao

Several reports define a c-a interface velocity R as the derivative of the recrystallized
thickness (nm) versus dose (at/cm?) curve. Thus, the unit of such "velocity" is expressed in
nm/(at/cm?). In the present study, figure 3 is an example that enables us to extract the
interface displacement velocity or recrystallization rate.
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Fig. 3. Regrown thickness for [100] Si amorphized by Fe* ions and subsequently irradiated at
350 °C by 600 keV Si* ions. The interfacial displacement velocity R can be extracted from the
curve.

It should be noted that a comparison between the thermal crystallization rate V = (dX.../df)
and the recrystallization rate defined for the IBIEC R = (dX../d®) is always possible, if one
knows the ion flux ¢ of the process as shown in equation (2).

2.2 Influence of the beam parameters in the IBIEC process

Several experimental results have indicated that the beam parameters such as ion species
(by the factor of nuclear energy loss S,) and the ion flux ¢ have direct influence on the
recrystallization rate. With regards to the energy loss by projectile-target elastic collisions,
the following result is quite interesting. By using the recrystallized thickness wversus
irradiation dose plot (Fig. 3), the recrystallization rate R as a function of depth was

www.intechopen.com



lon-Beam-Induced Epitaxial Recrystallization Method and Its Recent Applications 355

determined as shown in figure 4. In the same figure, one observes the number of vacancies
produced by irradiation of Si* ions as a function of depth. This evaluation corresponds to a
calculation obtained by the SRIM algorithm with a displacement energy of 15 eV and a
lattice binding energy of 2 eV) (Ziegler, 2011). The depth dependence of the regrowth
experimental rates seems to follow the profile of defect generation.
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Fig. 4. Regrowth rate versus depth for a Si layer amorphized by Fe* ions and recrystallized

at 350 °C by 600 keV Si* ions. The inset shows the number of vacancies generated by Si
irradiation calculated by the SRIM code (closed circles).

This result suggests that the ion-induced recrystallization rate is associated with the
production of point defects, or in a more general way, with the energy loss into elastic
collisions at the c-a interface. Therefore, only those defects generated nearby or directly at
the c-a interface are available for the recrystallization process. However, it should be
mentioned that the diffusion or vacancy migration is not the promoter mechanism of the
IBIEC. This issue will be addressed later. The abovementioned conclusions were also
confirmed by other experimental results (Holmén et al., 1984; Linnros et al., 1984, 1985;
Miyao et al., 1986; Williams et al., 1985). For instance, Linnros (Linnros et al., 1985) reported
a clear experimental evidence of a linear dependence of the ion-induced recrystallization
rate on the nuclear energy loss. In their experiments, ion beams of different masses (He, N,
Ne, Si, As, Kr) were used to stimulate IBIEC where the recrystallization rate was observed to
increase with increasing ion mass. This demonstrates that nuclear energy loss is the
mechanism which produces the defects responsible for the IBIEC. Furthermore, the effects
produced by both kinds of energy loss (nuclear and electronic) were discriminated through
the dependence of the recrystallization rate on the beam energy. It was inferred that the
electronic excitations and ionizations play practically no role in the recrystallization process
(Elliman et al., 1985; Williams et al., 1985). In other experiments, in which a-Si layers were
irradiated by the electron-beam, the recrystallization was observed only for energies above a
threshold for atomic displacement of ~ 150 keV while below this threshold no epitaxial
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regrowth was produced, even after irradiation at very high electron doses (Lulli et al., 1987;
Miyao et al., 1986; Washburn et al., 1983). Therefore, the observed epitaxy is associated with
elastic collisions that transfer sufficient momentum to displace target atoms from their
lattice site.

As mentioned earlier in this section, there is another parameter that directly influences the
process - the ion flux. In general, it is observed that the lower the flux ¢, the higher is the
effective velocity R = (dX.../d®) defined by equation 2. This parameter is so important that
high fluxes almost inhibit the process, especially for heavier ions (Linnros et al., 1985).

2.3 Temperature dependence

The sample temperature during irradiation is a fundamental variable in the IBIEC process
(Elliman et al., 1985; Linnros et al., 1984; Priolo et al., 1988, 1989; Williams et al., 1985).
Figure 5 shows, in an Arrhenius plot, the ion-induced growth rate (or recrystallization) as a
function of the reciprocal temperature of an a-Si/Si(100) layer recrystallized by 600 keV Kr2*
ion irradiation (dose: 1x10%5 Kr/cm? and ion flux: 1x1012 Kr/cm2s). It also shows the
recrystallization rate that represents the thermal contribution (SPEG) with an activation
energy of (2.68 + 0.05) eV. The data were extracted from references (Olson & Roth, 1988;
Priolo et al., 1988) and reported in the figure. The growth rate is reported in A/s (left-hand
side) and in A4/eV (right-hand side). The latter scale represents the growth rate in the form
AX/®v(E), AX being the recrystallized thickness, ® the dose and v(E) the total energy
deposited responsible for the displacement production at the c-a interface.
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Fig. 5. Ion-induced growth rate versus reciprocal temperature for a-Si layers produced by Si*

implantation and recrystallized by 600 keV Kr2* ion irradiation. The thermal contribution to

the growth rate is also displayed. Data extracted from references (Olson & Roth, 1988; Priolo
et al., 1988) and reported in the figure.
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It should be noted that recrystallization due to ion-beam irradiation occurs in a temperature
range for which the thermal process is kinetically inhibited. Therefore, ion-beam irradiation
strongly enhances the kinetics of recrystallization. For instance, at 250 °C the ion-induced
growth rate is 0.07 A/s while, an extrapolation of the thermal data gives a rate of only 10-10
A/ s. Furthermore, in the temperature range shown, the IBIEC presents an Arrhenius-like
temperature dependence with an apparent activation energy of (0.32 £ 0.05) eV as also
demonstrated by several other experiments (Elliman et al.,, 1985; Linnros et al., 1984;
Williams et al., 1985).

It has been proposed that the activation energy for thermal recrystallization of a-Si layers is
composed of two terms: one for defect generation and other for defect migration. Ion-beam
irradiation clearly removes the main activated process usually limiting conventional thermal
regrowth. In fact, during ion-beam irradiation defects are not thermally generated but rather
being produced by means of atomic collisions. Jackson (Jackson, 1988) proposed that the
activation energy inferred from the IBIEC is not associated with any activated process and
therefore considered just as an apparent activation energy. The linear dependence of the
regrowth rate as a function of reciprocal temperature, in a logarithmic plot, comes instead,
from a balance between different effects. In addition, Jackson (Jackson, 1988) in his
intracascade model suggested the dangling bond in the amorphous phase as the promoter
for IBIEC. Dangling bonds are structural defects which by moving nearby the c-a interfacial
region should produce a rearrangement of the bonds leading to recrystallization. In the mid-
1990s, Priolo (Priolo et al., 1990) proposed a phenomenological model of IBIEC which
combines the approach of the Jackson model (Jackson, 1988) with the structural and
electronic features of models proposed for conventional thermal regrowth (Williams &
Elliman, 1986). This model has explained all the experimental results so far.

2.4 Planar amorphization

In the previous sections, it was shown how a combination of thermal energy and energy
deposited by ballistic effects can produce a non-equilibrium epitaxial recrystallization.
However, IBIEC is a reversible process, where the increase in the ion flux of the irradiating
beam, and /or the decrease in the target temperature can cause a planar layer-by-layer
amorphization instead of an epitaxial recrystallization (Elliman et al., 1987; Linnros et al.,
1986, 1988). Both processes are schematically illustrated in figure 6. At a constant flux, there
is a substrate temperature Tr (reversal temperature) such that, when T > Tg, the ion
irradiation produces epitaxial regrowth whereas, when T < Tr the irradiation produces a
layer-by-layer amorphization. The remarkable point is that the amorphization occurs just
from the pre-existing amorphous seed and not from regions below the c-a interface, despite
the fact that the energy loss by elastic collisions increases with the increasing depth. In this
context, the net velocity of the interface motion can be described by two terms: a
crystallization and an amorphization, as

R Xy
)

d dx, dXx,

dt dt

XC—IZ —
/9= [re ®

When R is positive, the crystallization regime is prevalent and when R is negative the
system is in the amorphization regime.
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Fig. 6. Schematic representation of the ion-induced crystallization and amorphization. At
temperatures below Tr the amorphous layer grows (amorphization regime), whereas at
temperatures above Ty, it shrinks (crystallization regime).

An example of planar amorphization is shown in figure 7. In this example, a ~ 90 nm thick
layer onto a Si(100) substrate was amorphized at room temperature by 40 keV Fe* ions at a
dose of 1x1016 /cm?. The irradiation was performed by using a 380 KeV Ne* beam at a dose
of 1x10'7 /cm? and ion flux of ~ 1.5x1013/cm?s. The substrate temperature was fixed at 100
°C. In the figure two RBS spectra are displayed in channeling condition for the a-Si layer
before (open circles) and after (closed circles) Ne irradiation. A random spectrum is also
reported. Ne irradiation clearly produces a great amount of damage beyond the original c-a
interface. The a-Si surface layer is clearly seen to enlarge under a planar motion towards the
sample interior. The amorphous layer has become ~ 50 nm thicker.

2.5 Impurity effects

Besides temperature and beam parameters, the kind of impurity dissolved in the sample
plays an important role in the IBIEC. The presence of impurities dispersed within the a-Si
layer can dramatically affect the recrystallization process. Depending on their behavior, they
can be divided in two major categories: fast and slow diffusers. Fast diffusers comprehend
species like Cu, Ag and Au which, at typical temperatures of the IBIEC process (~ 300 °C)
have diffusivities of the order of 10-12 - 10-1> cm?2/s and low solid solubility. These impurities
have therefore enough mobility to be redistributed at the advancing c-a interface during
recrystallization, modifying the impurity initial profile through the segregation towards the
surface imposed by the planar advance. On the other hand, the slow diffusers such as B, P,
As, do not present the effect of segregation - are immobile in the time-temperature windows
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used during the IBIEC experiments, since the interface displacement velocity is much higher
than the values of their mobilities in amorphous silicon. In this case, the initial concentration
profile of these impurities remains unchanged after recrystallization. This allows one to
produce non-equilibrium structures with impurities trapped in the c-Si at concentrations
well above their solid solubility. However, the presence of impurities at the c-a interface can
modify the recrystallization rate which is observed to increase or decrease, according to the
particular species and to its concentration.
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Fig. 7. RBS channeling spectra along the [100] Si axis for a ~ 90 nm thick amorphous layer
before (open circles) and after (closed circles) 380 keV Ne* irradiation at 100 °C and dose of
1x1017 /cm?2. Note the planar growth of the amorphous phase.

From this brief discussion, it is noticed that the behavior of crucial parameters in the IBIEC
process such as temperature and impurities is very similar to that in solid-phase epitaxial
growth case. Despite the fact that the impact of these parameters is quite different for each
phenomenon, there is a strong indication that similar microscopic processes occur in both
cases. More precisely, the same interfacial defect responsible for the thermal recrystallization
is considered to be active in IBIEC, being the ion beam the precursor of the increase in the
average concentration of these defects.

3. Nanoparticles synthesis by IBIEC

The IBIEC technique has been used as a method to synthesize nanoparticles in Silicon matrix
[Lang et al., 2010a, 2010b]. Specifically, the structural properties of the FeSi, nanoparticles
synthesized in Fe* low dose implanted Si(100) substrates were investigated. Particularly in
this experimental observation, the Fe proved to be a fast diffuser for IBIEC, despite of its
action as a retardant of the process, whose recrystallization rate was dependent on the
implanted Fe* concentration. Nevertheless, only the main results are reported here. The
remarkable results which are presented show that the shape of the synthesized material
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(observed by high resolution transmission electron microscopy - HRTEM) singularly affects
the surrounding Si lattice. The lattice strain shape-dependent distribution in both directions:
out-of-plane and in-plane was tailored by X-ray Bragg-Surface Diffraction technique.

3.1 Fe' ion implantation in Si(100) and recrystallization process

A Si(100) n-type Czochralski wafer (thickness 500 pm, resistivity 10 - 20 Q cm) was used as
host matrix. Fe* ions at 40 keV were implanted at room temperature at an ion dose of 5x1015
cm2. Channeling effects were avoided by tilting the sample 7° normal with respect to the
incident beam direction. The typical iron beam current density during implantation was
about 150 nA /cm?2. Subsequently, ion-beam recrystallization experiments were performed at
350 °C using a 600 keV Si* beam (current density ~ 1 pA/cm?) to a total dose of 6x1016
ions/cm?2. The dose rate resulting from the Si beam current was 6.2x10'2 ions/cm?2s. It is
worth noting that Si*ions at 600 keV energy have a projected range (average depth) of ~ 770
nm with a straggle (standard deviation) of ~ 150 nm. These values ensure that the
irradiation exceeds the pre-existing amorphous layer (well beyond the original c-a
interface).

The structures obtained into the as-implanted and recrystallized samples were analyzed and
characterized by Rutherford Backscattering Spectrometry combined with ion channeling
technique (RBS/C - with He* beam at 1 MeV in a 170° scattering geometry) and also by
transmission electron microscopy (TEM - JEOL 2010 operating at 200 kV). High-resolution
rocking curves, as well as the reflection mappings of the Bragg-Surface Diffraction
reflections, i.e., at the exact multiple diffraction condition, were carried out using the Huber
multiaxis diffractometer of the XRD1 beam-line (Brazilian Synchrotron Radiation Facility -
LNLS), with an incident beam wavelength of A = 1.5495(5) A, as defined by using a Si(111)
channel-cut monochromator.

3.1.1 RBS and TEM - Results and discussion

Figure 8 shows RBS/C spectra obtained at random and [100]-channeled direction from the
samples before (as-implanted) and after (recrystallized) irradiation. As observed in the
aligned as-implanted spectrum, the implantation has produced an amorphous layer over ~
90 nm while no channeling in the Fe signal was observed. However, expressive reduction of
dechanneling yield in the Si profile is detected after IBIEC process (aligned IBIEC spectra
relative to aligned as-implanted spectra). This decrease reflects the crystalline order
recovery. The entire amorphous Si layer was recrystallized (at an average rate of ~ 0.04
nm/s) with a minimum backscattering yield on the subsurface region being ymin =~ 6.3 %.
The RBS concentration-depth profile (not shown here) has indicated an implanted Fe peak
concentration of ~ 2.8 at.% at 40 nm from the surface. However, the recrystallization process
caused a slight narrowing of the Fe peak and a small segregation towards the surface. A
significant degree of channeling (xr. = 46 %) was also observed in the Fe spectrum.

Figure 9 shows bright-field TEM cross-section images (taken at [110]s; zone axis) of the as-
implanted sample. One clearly observes (Fig. 9a) the amorphous Si layer of ~ 90 nm
produced by 40 keV Fe* implantation and the crystal-amorphous interface. Figure 9b shows
in detail the c-a interface, where one can note a large amount of defects called "end-of-range
defects" generated by the implantation process. This defective intermediate zone between
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the two distinct regions (crystalline and amorphous) is mainly composed of dangling bonds,
and this particular kind of structural defect is responsible for the IBIEC process. Upon IBIEC
conditions (temperature + irradiation) there is a dynamic rearrangement of these dangling
bonds with annihilation in pairs which promotes the layer-by-layer planar recrystallization
toward the surface.
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Fig. 8.1 MeV He* RBS spectra in channeling along the [100] direction from a 90 nm a-Si
layer containing Fe before (as-implanted sample) and after (recrystallized sample)
irradiation with 600 keV Si* to a dose of 6x106 ions/cm? at 350 °C.
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Fig. 9. Bright-field TEM cross-sectional images of the as-implanted sample. (a) Overview of

the 90 nm thick a-Si layer containing Fe. (b) High-resolution of the selected region in (a)
showing in detail the c-a interface region.
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The complete recrystallization of the amorphous Si layer was also confirmed by TEM
analyses. It should be noted that for a conventional thermal annealing at the same
temperature (350 °C) and time (irradiation time ~ 160 minutes) would have produced a
regrowth of only 7.7x10-* nm which is a negligible amount. Therefore, ion-beam irradiation
strongly enhances the kinetics of recrystallization. Figure 10 exhibits representative TEM
micrographs of the recrystallized sample. The cross-section image, such as Fig. 10a taken
along the [110]s; pole and slightly tilted on the zone axis, revealed the efficient a-Si regrowth
and an impurity redistribution - nanoparticles formation after the IBIEC process. Iron was
completely swept by the moving c-a interface and retained within the precipitated
narrowing layer. Despite the amount of Fe present in the recrystallized region, the quality of
the recovered crystal appears to be very good, as demonstrated by the TEM image. Three
regions regarding the nanoparticles distribution are observed: a thin region a few
nanometers thick which is closer to the surface (Ri); a Si region about 5 nm with a small
concentration of nanoparticles (Ry); and a layer (= 40 nm wide) with a higher concentration
of nanoparticles (R3).

High-resolution cross-sectional images (HRTEM) of the R; and Rj regions are shown in the
insets 10b, 10c and 10d. In inset 10b, it is possible to identify small irregular shaped
nanoparticles at Si subsurface Ri. In the deeper layers (R; and Rs), two morphological
variants of the metastable y-FeSi, phase were observed and recognized: spherical-like
nanoparticles epitaxially formed in the substrate with a fully aligned orientation regarding
the Si matrix (Fig. 10c) and plate-like nanoparticles rotated with respect to the Si matrix (Fig.
10d) as previously reported (Lin et al., 1994). The spherical-like nanoparticles form coherent

interfaces with the Si matrix, while the plate-like ones are elongated along Si(112)
directions.

Fig. 10. TEM images of the recrystallized sample. (a) [110]s; cross-sectional revealing three
nanoparticles regions in depth. HRTEM showing: (b) irregular shaped a-FeSi, nanoparticles
at Si subsurface, (c) y-FeSi, spherical-like and (d) y-FeSi> plate-like nanoparticles in a deeper
region. (e) [001]s; SAED pattern indicating the concomitant presence of both a- and y-FeSi>
phases.
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Selected-area electron diffraction (SAED) pattern obtained from a plan-view specimen is
presented in figure 10e. In addition to strong Bragg reflections of Si, extra spots due to the
nanoparticles are apparent in the diffraction pattern. The extra spots show symmetric net
patterns suggesting that there is a certain orientation relationship between the nanoparticles
and the substrate lattice. From the analysis of the extra spots symmetry and lattice spacing,
the diffraction pattern of Figure 10e can be explained as the overlap of cubic y-FeSi, and
tetragonal a-FeSiy phases. The reflections are consistent with [112],,, [112],, (straight
lines) and [100], (dotted line) net patterns (Behar et al., 1996; Vouroutzis et al., 2008). As the
SAED measurements have identified two crystalline phases, the near-surface precipitated
layer should contain a-FeSi> nanoparticles.

3.2 X-ray multiple diffraction

Bragg-Surface Diffraction (BSD) (Chang, 2004) is a special diffraction case of the X-ray
multiple diffraction (XRMD) technique which has become a very useful and high resolution
probe to study in-plane effects in single crystals in general, and also, with several interesting
contributions to semiconductor epitaxial systems (dos Santos et al., 2009; Morelhdo &
Cardoso, 1993; Morelhao et al., 1998; Orloski et al., 2005; Lang et al., 2010b). For a more
complete understanding of the experimental results that will follow in this chapter, we
briefly discuss the physical aspects of the XRMD technique.

The XRMD phenomenon is systematically generated by aligning the primary planes of a
single crystal - generally parallel to the sample surface, to diffract the incident beam and, by
rotating it around the normal to the primary (hp, kp, Ip) planes while the diffracted beam is
monitored by a detector. Under rotation (¢-axis), several other secondary (hs, ks, Is) planes
which are inclined with respect to the surface can enter into diffraction condition
simultaneously with the primary ones. A closer observation of the diffraction geometry
shows that other diffraction planes, the so-called coupling (k. k, L), also interact with the
secondary diffracted beams to re-scatter them towards the detector. The obtained XRMD
pattern, called Renninger scanning (RS) (Renninger, 1937), shows a series of peaks
distributed according to the symmetry of the chosen primary vector and also to the
symmetry plane established by rotation of the several reciprocal space secondary points
when entering and leaving the Ewald sphere. Therefore, one can clearly observe in a RS,
these two types of symmetry mirrors whose position and intensity distributions are essential
for most of the applications of this technique. When a peak in the RS represents an
interaction of the incident, the primary and one secondary beam, it shows up as a three-
beam peak (or three-beam case). However, one can have two or three secondary beams
simultaneously interacting to provide four or five-beam cases (or even cases for n > 5
interacting beams) being these secondary beams either Bragg (reflected) or Laue
(transmitted) cases.

A special three-beam XRMD case, called Bragg-Surface Diffraction (BSD), appears under
adequate conditions, that is, when the secondary diffracted beam propagates along the
crystal surface under an extreme asymmetric geometry. A schematic diagram of the
multiple scattering for the BSD case occurring inside the crystal, can be seen in Figure 11,
where Hj are the reciprocal lattice vectors corresponding to the primary planes (Ho),
secondary planes (Hoz) and coupling plane (Hz1). These BSD beams carry information on the
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sample surface which are useful for studying surface impurity incorporation effects (Lai et
al., 2005), or even on the interface (layer/substrate), if such an interface is present, as in the
semiconductor epitaxial structures. The technique has provided significant information
when successfully applied as a special high-resolution 3D probe for the study of epitaxial
layered heterostructures. Here, the layer and substrate lattices may be separately studied
just by selecting one adequate layer or substrate peak. The technique is also a method
capable of measuring strain fields at the interfaces in epilayer/substrate systems with depth
penetration of 2 A resolution and with enough sensitivity to detect lattices distortions in the
range of 72 A around the epilayer/substrate interface (Sun et al., 2006).

HD1

A
Incident s Primary
beam gl d) beam

\ Hoz Ha1 /
o Jh, ] BSD

o ———p Secondary

; wim T ﬁj 2 beam
Secondary plane - Coupling plane

L] .

_/Prinmry plane

Crystal

Fig. 11. BSD scheme using its consecutive scattering model with Ho (primary), Ho»
(secondary) and Hy; (coupling) vectors. The coupling planes re-scatter the secondary beam
towards the primary direction.

Besides the standard RS, another XRMD scanning methodology can give information on the
crystalline quality obtained from an analysis of the w:¢ mapping scans (Morelhdo &
Cardoso, 1996). By using this method, the ¢ rotation is performed for a range of ® angles
each targeting an exact angular position of the multiple-beam Bragg condition. This
approach results in a three dimensional plot of the primary intensity versus o and ¢ in a
coupled way from which, through analysis of the iso-intensity contours of such plots, one
can obtain information on the lattice coherence along the beam path and hence, on the
crystalline quality. It has been shown that when the FWHM (full width at half maximum) of
the peak in the ¢ scan is larger in comparison to the one in the ® scan, there is almost no loss
of coherence, i.e. confirming that the crystal is perfect or nearly perfect.

3.2.1 BSD reflections — Results and discussion

Measurements of the (004) symmetrical high resolution rocking curves (HRRC) are
shown in figure 12 at two perpendicular orientations on the sample surface: ¢ = 0° (Fig.
12a) and 90° (Fig. 12b). Both patterns present practically the same result with two distinct
peaks corresponding to Ro and Rj3 regions, clearly seen in each pattern, with smaller
perpendicular lattice parameters in comparison to the matrix peak (stronger). Also, (002)

HRRC were measured at (111 ) and (111) BSD reflections then, at two azimuth angles on
the recrystallized sample (¢ = — 6.04° and 83.96°). The results are shown in figures 12c
and 12d.
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Fig. 12. High resolution rocking curves of the recrystallized sample for (004) reflection at
¢ = 0° (a) and ¢ = 90° (b) and (002) reflection at two BSD peaks: — 6.04° (c) and 83.96° (d). Si
pristine is also added for comparison purposes.

As (002) is a forbidden reflection of the Si space group, no primary intensity can be observed
out of the BSD secondary peaks. The rocking obtained at ¢ = — 6.04° shows three different
contributions: the stronger peak due to the Si matrix; the broad peak to the right (higher
angles), due to the R; and R3 convoluted peaks; and a distinct peak to the left (lower angles),
probably associated only with the Rs region. It should be noticed that the rocking at ¢ =
83.96° exhibits a meaningful profile difference, that is, the peak to the left (lower angles)
does not appear as discriminated as in the previous measurement (¢ = — 6.04°), it means, a
noticeable confirmation of the anisotropic behavior. This anisotropy, observed between the

[110] and [110] in-plane directions, could be associated with the plate-like nanoparticles
(Fig. 10d) since the shape and orientation of these ordered nanoparticles should introduce
different strains in both perpendicular directions.

Figure 13 shows the measured ®:¢p mappings for a Si matrix (pristine) and a recrystallized
sample for comparison purposes to provide a better visualization and characterization of the
detected anisotropy. The exact BSD reflection is tailored in both ® and ¢-directions for each

of the two above mentioned BSD secondary reflections: (111) Si pristine in Fig. 13a and
recrystallized sample in 13b and, for (111) Si pristine in 13c and recrystallized one in 13d. In
fact, these mappings give a more complete 3D view of the BSD reflection condition which
complements the 2D analysis obtained from the HRRC in Figs. 12c and 12d. Furthermore,
the mappings allow for the lattice parameters and 2D-strain determination of the distorted
regions (R2 and Rs). The mappings obtained for the Si matrix (pristine) along the two in-
plane perpendicular directions as depicted in 13a and 13c, exhibit only the BSD matrix peak
at @ = 16.578° and, as expected, no difference is observed. In turn, the recrystallization
process induces FeSi, nanoparticles nucleation within the implanted matrix and then, a huge
broadening as well as a striking difference is clearly observed in Figs. 13b and 13d
mappings. Besides the BSD matrix peak in Fig. 13b, two other peaks are also detected: one
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upper-side (o ~ 16.59°) and one lower-side (@ ~ 16.57°) with respect to the matrix peak
whereas, in Fig. 13d just the matrix and the upper-side peak are clearly seen since the lower-
side peak appears as a shoulder of the matrix one. This result confirms the one obtained in
Figs. 12c and 12d.

16.62-

o [ degree ]

608 -6.04 6.00 83.92 83.96 84.00

¢ [ degree ]

Fig. 13. Strain anisotropy in MBSD: Si pristine (a) and recrystallized sample (b) at (111 ) BSD
(¢ =—6.04°) and Si pristine (c) and recrystallized (d) at (111) BSD (¢ = 83.96°).

Perpendicular and in-plane lattice parameters as well as strain values were obtained from
the IBIEC sample :¢ mappings for ¢ = — 6.04° (111 ) and 83.96° (111). The perpendicular

strain obtained with the upper-side peaks of the BSD (111 ) and (111) w:¢ mappings are &, =
— 5.8(6)x104 whereas, the in-plane strains are ¢|| = 0. Then, as no anisotropy strain is
detected from this upper-side peak (o = 16.588°) one can assume that most of this result can
be assigned to the spherical-like nanoparticles rather than to the plate-like ones. In turn, for
the lower-side peak, one observes that €, and €| values are distinct: €, =5.4(6)x104and ¢|| =
3.1(7)x10+ for (111 ) BSD peak and &, = 2.4(8)x10 and || = 1.3(9)x10+ for (111) and then, an
analogous behavior happens for a, and a|. Thus, one concludes there is anisotropy in the
lattice parameters and strain in both sample directions: out-of-plane and in-plane. This

anisotropy is attributed to the shape and distortion along the (111) and (111)
crystallographic planes of the plate-like nanoparticles.

4. Conclusion

The conditions for the occurrence of the recrystallization and amorphization phenomena
of a Si thin layer have been discussed in terms of the energy deposited by an ion beam as
well as the sample temperature during an irradiation process. Also, the dependence of the
recrystallization in relation to some impurity species, in particular, iron atoms dissolved
into an amorphous Si layer has been discussed. Furthermore, it was shown how the ion-
beam-induced epitaxial crystallization (IBIEC) process can be used as a method to
synthesize nanoparticles within a Si matrix. For a specific case of Fe* low dose implanted
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in Si(100) substrate, nanoparticles with different orientations and morphologies were
observed after the IBIEC process. These nanoparticles have caused interesting distortions
in the surrounding Si lattice. In order to structurally characterize these distortions the
Bragg Surface Diffraction was used as a 3D high-resolution tool. This non-conventional X-
ray diffraction technique was able to discriminate between the out-of-plane and in-plane
strain effects and to provide the direct observation of an important in-plane strain
anisotropy.
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