Raman study of de-relaxation and defects in amorphous silicon induced

by MeV ion beams
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Raman spectroscopy is used as a probe of the state of amorphous Si (¢-$i) and damaged
crystalline Si. MeV ion beams have been used to irradiate structurally relaxed 2-Si. When the
density of Si atoms displaced by nuclear collisions exceeds 5%, the ¢-Si is “de-relaxed”,

and thus returns to its as-implanted state. This behavior is an indication that point defect
complexes exist in @-Si and play an important role in the process of structural relaxation.

The structure of pure amorphous Si' {4-Si) depends
on its thermal history as evidenced by the fact that ion-
implanted ¢-Si, when heated in a differential scanning cal-
orimeter (DSC), shows a considerable heat release at tem-
peratures well below the crystallization temperature.™
Such a heat release does not occur when 2-Si has already
been thermally annealed. The Raman spectrum of a-8i,
and especially the TO-like peak, exhibits large changes
upon thermal annealing of ¢-Si at temperatures in the same
temperature range.” Thus Raman is a sensitive probe of
the state of ¢-Si. These changes in the state of g-Si are
associated with a phenomenon known as structura! relax-
ation. It has been previously suggested that structural re-
laxation can be associated solely with a decrease in the
average bond angle distortion A in the continuous ran-
dom network (CRN). The width of the TO-like peak in
the Raman spectrum of ¢-Si has been related to A9,4’6 and
indeed has been found to decrease upon annealing. The
role of isolated defects, such as small vacancy and intersti-
tial complexes in structural relaxation, has not previously
been established. In this letter, we show, through the use of
Raman spectroscopy, that reiaxation is intimately related
to the removal of defects from ¢-8i. The defects are origi-
nally introduced by light and heavy ion irradiation of re-
laxed a-8i. We also show that the damage, produced in
single-crystal Si (¢-8i) by equivalent irradiations, can be
probed by Raman spectroscopy.

Ton implantation of %Si * ions of 0.5, 1.0, and 2.0 MeV
into ¢-Si substrates held at 77 K was used to prepare thick
layers of @-Si. These samples were than annealed for 45
min at a temperature of 500 °C in vacuum. This results in
a-$i layers which are structurally weil relaxed.”® The sam-
ples were then irradiated with either 4.5 MeV C*, 5.5
MeV Si", or 8.3 MeV Ge ™ ions to fiuences ranging from
10! to 10! ions/cm’. In addition, c-Si was irradiated with
120 and 200 keV He* ions to a dose of either 2 10 or
7x 10" cm ~? each. The high dose sample was also irra-
diated with 50 keV He™ to a dose of 1.2X 10" ¢m ~2
During all irradiations the samples were held at 77 K. The
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spot size of the ion beam was defocused to ~1 cm in
diameter and was rastered electrostatically over the target.
The instantaneous beam power was maintained lower than
10 W to avoid beam heating. Monte Carlo simulations of
all irradiations were performed,’ assuming a displacement
threshold energy in a-Si of 15 eV (a lattice binding energy
of 2 eV per bond} and inchuding displacements by recoiled
target atoms. The calculated number of displaced atoms
per incident ion in a 0.1 um surface layer {corresponding
to the probe depth of the Raman measurement) increases
from 4 for the Ct to 203 for the Ge™ irradiations,
whereas the electronic energy loss varies only by a factor of
4. In the figures the ion dose is expressed in terms of dis-
placements per target atom {dpa). (The ion fluence has
been multtiplied by the calculated number of displacements
in the probed surface layer per incident ion and divided by
the number of Si atoms in the same layer. The probe depth
depends on the absorption coefficient and is = 0.1 pm a-Si
and =~0.7 gm in ¢-8i*). The damage in He * -irradiated ¢-Si
was investigated® with channeled ion scattering measure-
ments as well as transmission electron microscopy. These
results are not shown here but can be summarized as fol-
lows. The low dose (0.3 dpa) irradiated sample showed
two bands of extended defects and/or small amorphous
clusters at a depth of =1 ym and an increased ion scat-
tering yieid, presumably due to smali pomt defect com-
plexes, at shallower depths. The high dose (1 dpa) irradi-
ated sample showed an amorphous layer extending almost
completely to the surface. After irradiation all samples
were characterized by Raman speciroscopy using the 488
nm line from an Ar ion laser. The laser beam was focused
1o a spot of =50 200 pum and the total power was 150
mW. A triple monochromator was used to disperse the
spectrum on a CCD camera.

Figures 1 and 2 show the complete gamut of Raman
spectra from virgin single ¢-Si through damaged single ¢-5i
to amorphized Si {Fig. 1) in different stages of relaxation
(Fig. 2). The spectrum for virgin ¢-Si {bottom) shows a
sharp 1st order peak at 521 cm ~’, 2nd order peaks near
300 and 44C cm ™', and no signal below 200 cm!. The
spectrum for ion-irradiated ¢-Si (middie) shows a broad-
ening of the st order peak as well as the appearance of
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FIG. 1. Raman spectra of virgin ¢-Si (bottom) and ¢-Si after irradiation
with keV He ! ions to a dose which results in small defect complexes
{middle} or in an amorphized surface layer {top).

signal at low wave numbers. These changes are indicative
of distortions in the crystal lattice. The intensity of the ist
order peak has decreased which is most likely due to a
higher absorption in the damaged ¢-5i and to broadening of
the peak. The spectrum for amorphized Si (top) shows
broad peaks near 150 and 470 cm "' and weak features
around 300 and 380 cm ~ . The presence of the small peak
near 521 cm ~ ! shows the existence of c-8i at the surface.
Note that the signal below 200 cm ™' is qualitatively dif-
ferent for @-Si than for damaged ¢-Si.”°

The effect of annealing (i.e., relaxing) and subsequent
ion irradiation (i.e., de-relaxing) on a-Si is shown in Fig. 2.
The position (4;) and half-width (I'/2) of the TO-like
peaks are indicated. It can be seen that A, shifis to higher
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FIG. 2. Raman spectra of 2-Si as implanted (bottom), 500 °C annealed
(middle}, and annealed and irradiated (5% 16" C* /em?, top). Indicated
are the position and half-width of the TO-like peak.
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FIG. 3. Half-width (bottom) and position {top) of the TO-like Raman
peak from annealed 4-Si as a function of post-anneal ion irradion dose.
Increasing symbhol size corresponds to increasing projectile mass for C*,
Sit, and Ge " ions. Indicated are typical vaiues for as-implanted and
relaxed o-Si.

wave numbers and that T'/2 decreases as a result of the
anneal (I'/2 rather than the full width is used because on
the low wave number side the TO-like peak overlaps with
LO- and LA-like features in the spectrum}. The top spec-
trum is that of relaxed a-Si which has been irradiated with
4.5 MeV, 5x 105 C* /cm® This spectrum resembles that
of as-implanted ¢-Si (bottom) indicating that the effect of
the ion irradiation on relaxed a-Si is to return it to its
unrelaxed state. In itself, this is not surprising because the
a-Si was made by ion implantation in the first place. What
is surprising is the ion dose at which this occurs: the dose
used here is namely much smaller than that needed for
amorphization of ¢-Si, i.e., (5 10'® C¥ /cm?).

Figure 3 shows I'/2 and Ag for C*, Si™, and Ge™
irradiations as a function of ion dose. For comparison, the
values for as-implanted and well-relazed @-Si are indicated.
The ion dose is expressed in dpa as well as in ions/cm”. It
can be seen that for low ion doses, I'/2 and A, resemble the
values characteristic for well-relaxed 4-Si, while for high
doses ['/2 and A, resemble values as as-implanted ¢-Si. The
transition from relaxed to unrelaxed spectra occurs for ion
doses on the order of ==0.02 dpa, irrespective of the mass
of the projectiie. This is the critical dose for de-relaxation.
When the three projectiles are compared on an equivalent
dpa base, the amount of energy deposited in 2-Si due to
electronic stopping changes over several orders of magni-
tude. Therefore, it can be concluded that the phenomenon
of de-relaxation by ion beams is due to nuclear collisions.
Since the major part of the transition has occurred for a
dose of 0.05 dpa, it appears that only one out of every 20 8i
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atoms needs to be displaced by a viclent collision in order
to almost completely de-relax the o-Si. This may be com-
pared with the damage that is necessary to completely
amorphize ¢-Si, which is between §.3 and 1 dpa.g

An explanation of these observations is that the ion
beam introduces stable (at room temperature) defects in
the a-Si layer as a result of nuclear collisions. In a fully
connected CRN, it is to be expected that the configuration
of smali defect clusters will be similar to that in the crystal.
Moreaver, it has been predicted that vacancies as well as
small vacancy clusters are stable in a CRN.!! Since a defect
has a strain field extending over several atomic distances, '
it is to be fully expected that at the high defect densities in
these experiments, every atom in the network feels the
presence of a defect. It should be emphasized that the re-
laxed or unrelaxed states of 2-8i do not necessarily repre-
sent different phases of a-8i but rather differences in the
densities of point defect complezes. Additional confirma-
tion for this point comes from our calorimetry ex-
perimen‘ts.g We have not, however, resolved from these
experiments the interesting question of the number of de-
fects remaining in the @-Si after the 500 °C relaxation an-
neal.

In summary, MeV ion beams have been used to irra-
diate @-Si which was previcusly relazed. When the density
of displaced Si atoms exceeds 5%, the g-Si has returned to
its as-implanted state; it has been de-relaxed. This phenom-
enon has been correlated with the nuclear collisions of the
projectiles {or recoils) with 8i atoms in the solid. The data
suggest that stable defects are introduced by nuclear colli-
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sions in ¢-5i thus causing the de-relaxation of the network.
Conversely, it would appear that relaxation of the network
involves annihilation of these defects. We emphasize that
the presence of large concentrations of defects in the struc-
ture implies a large average bond angle distortion.
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