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Vesicular layers in silicon produced by high-dose helium ion implantation
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1. Introduction

The implantation of helium ions into silicon to produce
pores (voids) in the bulk of the material has been well
studied for the case of irradiation with low doses (generally,
up to 5-10'©He*/cm?). The processes of formation of
helium-vacancy complexes and growth of helium microbub-
bles, the outdiffusion of helium, the formation of pores
and mechanisms of their diffusion are understood [1-12].
A quite different situation occurs when implanting large
doses (> 3- 107 He*/cm?), when the phenomena of amor-
phization, radiation blistering, presence of critical implan-
tation dose, etc. appear [7,8,13]. Today, there is a need
for a more profound study of these processes, since the
implantation of helium ions is very beneficial for obtaining
silicon-on-insulator structures using the gettering properties
of pores during high-temperature internal oxidation of
the porous structure and its transformation into a buried
dielectric layer [4,10].

2. Problem formulation

During implantation of helium ions, elastic collisions with
substrate atoms generate numerous vacancies and interstitial
atoms in concentrations several orders of magnitude higher
than equilibrium values. These point defects are mobile in
silicon even at room temperature and can either recombine
with each other or form some vacancy clusters. It is believed
that the interaction of helium with divacancies and small
vacancy clusters stabilizes them against recombination with
silicon interstitials and leads to the formation of helium-
vacancy complexes, which then evolve into microbub-
bles [5,0].

The surface of the samples was examined using a
scanning electron-ion microscope Scios (ThermoFisher Sci-
entific, USA).

With implantation doses of > 1-10'® He*/cm? for ener-
gies of 40—50keV, gas bubbles are formed directly during
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implantation. Increased implantation dose results in larger
sizes of gas bubbles and their density increase.

Further transformation of the implantation layer is ob-
served during subsequent annealing. The implanted helium
leaves the silicon over a wide range of temperatures,
depending on the complexity of the defect that has captured
it. At temperatures of 200—300 °C, helium is released from
small vacancy complexes and from interstitials, and it can
either leave the silicon or be captured by larger defects. As
the annealing temperature increases to 800 °C, helium be-
gins to leave the gas bubbles, leaving behind voids (pores).
With a further increase in temperature, an enlargement of
pores is observed as per migration/coalescence mechanism
and (or) Ostwald mechanism [7].

The porosity of the buried synthesized layer (total relative
volume of pores per unit volume) is determined by the
initial volume of gas bubbles and the amount of helium in
vacancy complexes and interstitials. Therefore, increasing
the implantation dose is a direct solution to increasing the
porosity of the buried layer and, consequently, its resistance.

However, the pressure in gas bubbles leads to the occur-
rence of stress in silicon, and when the strength parameters
of the material are exceeded, mechanical damage to the
surface is observed: blistering (swelling of the surface layer)
and flakes (peeling of large areas of the surface). Thus, there
are limitations on the maximum implantation dose and, as a
consequence, on the maximum porosity of the synthesized
buried layer.

To solve the problem of implanting large doses of helium
ions into silicon, the authors propose a method of subcritical
implantations and subsequent annealing.  Subcritical is
any dose that does not cause mechanical damage to the
surface upon subsequent annealing. Annealing is carried
out at a temperature of > 800°C to completely remove
the embedded helium from the substrate material. Then
the cycle (implantation + annealing) is repeated the required
number of times.
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3. Equipment and method of the
experiment

Single-crystal silicon wafers (100) were irradiated with
helium ions using ILU-100 setup (Russia), implantation
energy — 50keV. To prevent mechanical damage to the
surface silicon, a method of successive subcritical implanta-
tions and anneals was used. Subcritical implantation dose —
1-10'7 He*/ecm?. Annealing temperature — 1000 °C. The
cycle (implantation + annealing) was repeated several times
to achieve the required dose.

Sections for the transmission electron microscopy (TEM)
studies were prepared using an ion beam in a scanning
electron-ion microscope HelisosNanoLab™600i (USA).
Cross-sections were examined using TEM methods on
Osiris microscope (USA).

4. Experimental results

Our previous studies have shown that blistering and
flecking are observed immediately after implantation of the
dose 3-10'7He*/cm? and after annealing for the dose
210 He*/cm? [8], while the latest results evidence that
the annealing temperature can be extremely low (550 °C).

It should be underscored that the provided results are
valid for the implantation and annealing parameters given
above. Changes in implantation and annealing conditions
can alter the critical implantation dose values and the buried
porous layer synthesis process. The last dose at which no
mechanical damage to the surface was guaranteed to be
observed was 1- 10" He*/cm?. It was this dose that was
chosen as the subcritical dose in the method of successive
implantations and subsequent annealing.

Calculations using SRIM-2013 software demonstrate that
maximal concentration of the implanted helium ions is
achieved at a depth of ~ 460nm, while for the dose
1- 10" He*/cm? it corresponds to 8.7 at.% (Figure 1).

Scanning electron microscopy was used to evaluate the
quality of surface samples obtained by subcritical implanta-
tion and subsequent annealing. It showed that the surface
of all samples is smooth, no traces of blistering and/or
flecking were observed even for a total implantation dose
of 310" He*/cm? (three cycles of implantation of a dose
of 110" He*/cm? and annealing of 1000 °C) (Figure 2).

Cross-sections of samples for total implantation doses
1-10" He*/em? (Figure 3,a), 2-10' He*/cm? (Fig-
ure 3,b), 3-107He*/cm? (Figure 3,c), obtained by
method of subcritical implantation doses and subsequent
annealing, have a similar distribution by depth.

The presented figures have a similar distribution of pore
depth. Higher implantation doses lead to an enlarge-
ment of the pores throughout the crystal and enhanced
porosity, especially in the layer which is behind the
surface by 360—480nm, where particularly large pores
are concentrated and the average diameter for a dose
of 3-10"7 He*/cm? is 90nm for this region. The lower
boundary of this zone coincides with the concentration
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Figure 1. Profiles of the distribution of helium ion concentrations
depending on the depth of occurrence inside a silicon sample.
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Figure 2. Scanning electron microscopy of the surface of a sample
implanted using subcritical dose method and subsequent annealing.
Third cycle (dose 3 - 10" He"/em? and annealing 1000 °C).

maximum of the initially implanted helium ions. Thus,
different mechanisms of pore formation in the depth of the
material are observed.

In the upper part of the initial concentration profile of
helium ions, a moderate growth of pores to a diameter
of 10—20nm is observed, while in the lower part of the
profile the pores disappear almost completely, leading to
the formation of huge pores in the region of the initial
concentration maximum.

In [9] it is shown that recrystallization of the amorphous
region obtained as a result of implantation of a large dose
(2.5-10' He*/cm?) leads to the formation of large gas
bubbles (~ 100 nm).

The authors did not conduct any special studies of
amorphous zones occurence in the crystal after implantation
of 1-10"7He*/cm? dose although in this case, near the
maximum of distribution, extremely high stresses, close to
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Figure 3. Transmission electron microscopy of the sections of
samples implanted by subcritical dose method and subsequent
implantations: @ — first cycle (dose 1 - 10"He*/cm? and annealing
1000 °C), b — second cycle (dose 2 - 10'7 Het/cm? and annealing
1000°C), ¢ — third cycle (dose 3 - 10'7 He*/cm? and annealing
1000 °C).

the maximum possible, and the possible onset of plastic
strain should be expected, which should result in occurrence
of a highly defective silicon zone. At low annealing
temperatures (up to 500°C), this dose can expand into
the crystal, since defective silicon prevents the diffusion
of point defects and helium, interstitial and resulting from
the breakdown of small helium-vacancy complexes. If
we take into account the larger concentration gradient of
the distribution curve’s inner branch, then it is possible
to spread the highly defective region over its greater part.
At temperatures of 550—600 °C, recrystallization processes
are activated and the recrystallization front pushes helium
and gas bubbles from the depths of the crystal to the
top of defective region, leading to the formation of huge
gas bubbles. At the same time, in the area adjacent to
the surface, the usual processes associated with the out-
diffusion of helium and its capture by helium bubbles occur,
which we observe for the small dose implantation. The

diffusion of helium from gas bubbles and the processes of
coalescence of pores (voids) at temperatures 800—1000°C
provide a pattern we observe in Figure 3.

5. Conclusion

The presented method of subcritical implantations and
annealings allows the formation of buried layers of high
porosity without mechanical destruction of surface silicon.
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