Vol. 102 (2002) ACTA PHYSICA POLONICA A No. 2

Proceedings of the IV ISSPMS’01, Jaszowiec 2001
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An annealing with the nanosecond laser light pulse is applied for crystal
lattice reconstruction of a disturbed near-surface layer, which was created
in semiconductor material as a result of the implantation process. Radiation
with energy density higher than the threshold value causes the melting of
the surface layer and then the epitaxial recrystallization from the melt on
a different substrate. Structural changes occurring in the Ge implanted Si
crystals after annealing with different energy densities are investigated by
means of the cross-section high-resolution transmission electron microscopy.

PACS numbers: 61.72.Cc, 61.72.Ff, 61.72.Ji, 61.72.Nn, 61.80.Ba

1. Introduction

As a result of ion implantation with high dose a surface layer with very
disordered structure is created. For lattice reconstruction, among other methods,
the laser pulse annealing (LPA) can be used. The structure quality of recovered
layer is dependent on the energy density of the laser beam falling on target surface.
The pulse laser annealing with the high enough value of the energy density causes
the epitaxial recrystallization from the melt on a solid-state matrix [1, 2].

In our previous papers we have reported theoretical and experimental inves-
tigations of defect structure induced by the pulsed laser annealing with different
energy densities in Ge implanted silicon crystal [3, 4]. Numerical calculations of
transient temperature profiles in the irradiated target were performed to determine
the dependence of the melt depth on the radiation energy density. The optimal
value was defined as an energy density of one laser pulse causing the melting of
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the whole disturbed near-surface layer and then the epitaxial recrystallization from
the melt on a defect-free crystal matrix. Changes caused by the LPA in the struc-
ture of the near-surface layer were investigated by means of such complementary
methods as Rutherford backscattering spectroscopy (RBS), X-ray section topo-
graphy and optical observations with the Nomarski microscope. It has been shown
that exceeding the optimal value of radiation energy density can create the misfit
dislocations of large density.

The presented paper reports in detail the defect structure induced by the
scanned laser annealing of the pulsed nanosecond radiation with different energy
densities. To study the annealed areas we applied the high-resolution transmission
electron microscopy (HRTEM) technique.

2. Experiment

The dislocation free Czochralski grown Si (Cz-Si) crystal of the [111] orien-
tation was chemo-mechanically polished on both sides and then it was implanted
at the room temperature with 80 keV Ge ions at a dose of 5 x 1015/cm?. As a re-
sult of the implantation process a fully amorphized near-surface layer was formed.
The amorphization was confirmed by the reflection high-energy electron diffraction
(RHEED) method. Next, the sample was annealed by the nanosecond laser pulse
radiation. The UV beam of 308 nm wavelength was generated by the Lambda
Physik LPX100 XeCl excimer laser. The Rutherford channeling measurements us-
ing the 2 MeV He ion beam were performed to determine the amorphous layer
thickness and to compare the structure of the non-implanted area with the struc-
ture of the implanted and annealed ones. The morphology of the sample surface
was investigated by means of the interference-polarizing Nomarski microscope. De-
tails of the irradiation procedure and results of the investigations were reported in
the previously published papers [3, 4].

The electron microscopy observations were performed at the University of
Cannes (France) on the Philips CM 20 UT microscope, operating at accelerat-
ing voltage of 200 kV. The specimens for electron microscopy observations were
prepared in cross-section by mechanical polishing and argon ion milling. The de-
fect structure was studied by the high-resolution transmission electron microscopy
using both bright field and 9-beam technique.

3. Results

The ion implantation caused the creation of a thin near-surface layer with
disordered structure lying on the crystalline matrix, and the formation of a layer
with enlarged concentration interstitials located at the amorphous-crystal interface
[5, 6]. From the analysis of the RBS measurements it can be concluded that the
structure of the near-surface region was disturbed up to depth of about 135 nm.
In the area irradiated with the energy density near the calculated optimal value
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(p1 = 0.6 J/em?) almost fully disturbed layer was melted and then recrystallized
on the crystalline Si matrix. The RBS measurements obtained for this area testify
to the recovery of the near-surface layer structure in about 70%. Figure 1 shows
a high resolution TEM image of this annealed region. We can observe a well

Fig. 1. (111) HRTEM image shows a quasi-perfect crystal structure after annealing
with the irradiation energy density near the calculated optimal value (p1 = 0.6 J/cm?).

Very small isolated circular regions (marked by arrows) are visible.

[

Fig. 2. Images obtained for the area annealed with the beam energy density consider-
ably exceeding the optimal value (p2 = 3 J/cm?). (a) Surface with misfit dislocations of
large density taken from the Nomarski microscope. (b) (111) HRTEM image with large
columnar grains creating a quasi-texture and amorphous regions among them. At the
interface recrystallized layer—crystal matrix a damage structure is visible. In the interior

of the columns the extended defects like bubbles (marked by arrows) can be observed.
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visible picture of lattice planes and very small isolated circular regions (marked by
arrows) with different contrast in relation to the image of a perfect structure. The
explanation of the nature of these objects is difficult. We suppose that they were
created as a consequence of the oxygen atoms building in the inner Si structure or
of formation of Ge quantum dots [7, 8].

In the area annealed with the beam energy density considerably exceeding
the optimal value (p2 = 3 J/cm?) not only the disturbed near-surface layer but
also the layer of the crystalline matrix were melted. Figure 2a shows the picture of
this region obtained from the Nomarski microscope. On the surface we observed
the dislocation network, which testifies to creating the epitaxial crystal layer with
the misfit dislocations of large density. The high-resolution image obtained for

Fig. 3. HRTEM images obtained for the area annealed with the energy density lower
than the calculated optimal value (ps = 0.45 J/cm?). (a) Cross-section image: A — the
part of the disturbed layer melted and epitaxially recrystallized, B — the amorphized
layer created as a result of the ion implantation, not melted, C — the layer with disor-
dered structure at the interface amorphized layer—crystal matrix; (b) diffraction pattern
corresponding to the polycrystalline layer A; (c) diffraction pattern corresponding to

the previously amorphized and not melted layer B.
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this annealed region is presented in Fig. 2b. The large columnar grains creating a
quasi-texture and growing from the substrate to the surface with a lateral dimen-
sion of about 100 nm were formed in the consequence of the recrystallization from
the melt. Between the columns the amorphous regions are visible. In the interior
of the columns we can observe extended defects like bubbles (marked by arrows).
The existence of the damage structure in the crystalline matrix is visible at the
interface recrystallized layer — defect-free crystal matrix.

Figure 3a shows the high-resolution image obtained for the area annealed
with the energy density lower than the calculated optimal value (p3 = 0.45 J/cm?).
In this case the annealing caused less pronounced changes in the structure of the
near-surface layer. Only the part of the disturbed layer (marked by A) was melted
and then it was epitaxially recrystallized on the amorphous substrate (marked
by B). At the interface amorphized layer — crystal matrix the layer with disor-
dered structure (marked by C), created as a result of the implantation process —
is visible. In Fig. 3b and c the diffraction patterns corresponding to the polycrys-
talline layer (A) and to the part of previously amorphized and not melted layer
(B) are shown.

4. Conclusions

The high-resolution transmission electron microscopy images showed many
details of the defect structure induced by the scanned laser annealing of the pulsed
nanosecond radiation with different energy densities.

In quasi-perfect crystal structure obtained in the case of annealing with the
energy density near the calculated optimal value we observed local isolated circular
regions created as a consequence of the oxygen atoms building in the inner Si
structure or of the formation of Ge quantum dots.

On the surface of the area annealed with the beam energy density consid-
erably exceeding the optimal value, the misfit dislocations of a large density are
formed. In this region a quasi-texture with extended defects like bubbles were
observed.

Annealing with the energy density lower than the calculated optimal value
leads to creation of the epitaxial polycrystalline layer on the amorphous substrate.

Results of all performed investigations showed that such complementary
methods as HRTEM, RBS, RHEED, X-ray section topography and optical ob-
servations by means of the Nomarski microscope are necessary for full characteri-
zation of the structural changes caused by the LPA.
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