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Depth-dependent disordering in a-Si produced by self-ion-implantation
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Raman scattering from amorphous silicon (a-Si) produced by self-ion-implantation reveals an exciting
wavelength-dependent scattering-intensity ratio of the optical- and the acoustic-phonon-like peaks. The
results show that this wavelength-dependent scattering originates from a depth-dependent disordering.
The surface part (~200 A) of the samples demonstrates weaker long-range disordering, while the inter-
nal part demonstrates stronger long-range disordering. After annealing at 500°C for an hour this inho-
mogeneity disappears. This is explained as the elimination of certain defects that strongly influence the
longer-range order of the lattice. These defects relax spontaneously at the surface during the ion implan-

tation.

There have been many papers devoted to the study of
the properties of amorphous silicon (a-Si), due to the
prominent applications of this material, as well as the
basic physics behind it.' 7> The most significant aspects
of the material are the structural relaxation of, and the
defects in, the continuous random network. Sinke et al.®
studied the structural relaxation of «-Si using three
different annealing processes and Raman spectroscopy.
According to the position and linewidth of the
transverse-optic (TO)-like phonon peak, they found that
there are several relaxation processes, which occur on
different time scales, and the relaxation is mainly related
to the short-range disorder. Later, Roorda et al.,’ using
differential scanning calorimetry, showed that there is a
one-time low-temperature heat release, which proved to
be direct evidence for structural relaxation in a-Si. They
also related this relaxation to the variation in the con-
tinuous random network of a-Si, and by reimplantation
this relaxation state can be derelaxed.® Recent experi-
ments have demonstrated the flexibility and the complex-
ity of the ion-implantation technique in producing a-Si.
According to the ion energy, dose, dose rate, the implan-
tation temperature, and the type of substrate, the silicon
can be damaged, amorphized, recrystallized, or form a
buried layer.>!° Considerable efforts have been made to
understand and to control these processes, as they strong-
ly influence the electronic and structural as well as the
thermodynamic properties of the a-Si. However, the
properties of the a-Si produced by self-ion-implantation
are still not very well characterized. One of the reasons
for this is apparently due to the structural variations and
inhomogeneity of a-Si, which are difficult to measure and
characterize and hence were ignored for a long time.
More recently, there have been discussions on the
different defect structures in a-Si produced in the ion-
implantation process.”> Coffa and co-workers' have
pointed out that according to the measured activation en-
ergy there are three types of defects in a-Si produced by
ion implantation, while Stolk and co-workers® have
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shown from the average bond-angle distortion A© de-
rived from Raman spectroscopy that there is “another”
defect, which contributes independently to the enthalpy
of a-Si. These different defect identifications produce
some information for understanding the ion-implantation
process and the basic properties of a-Si. However, there
are few reports on the structural information of these de-
fects, although various methods of probing them have
been used, such as in situ conductivity measurement,’
photocarrier lifetime measurement,” Raman spectrosco-
py,">10 and differential scanning calorimety.” Most of
the measurements were conducted on the entire sample;
there are not many methods that can be used to study de-
tails of the structure, especially depth profiling.

We report here the results of Raman scattering experi-
ments in which several laser wavelengths were used. Due
to their different absorption constants, these laser lines
pentrate into different depths of the samples, and there-
fore a depth profiling was achieved. In addition, we paid
special attention to the low-frequency acoustic-phonon-
like Raman modes, which were often poorly measured
previously, and now yield useful information. The Ra-
man measurements on a-Si produced by self-ion-
implantation reveal a laser wavelength-dependent
scattering-intensity ratio of the optical- and acoustic-
phonon-like peaks. Analysis shows that this originates
probably from a depth-dependent structural inhomo-
geneity. It seems that the surface part of the samples is
relatively weaker in long-range disordering, while the
inner part is stronger. This depth-dependent structural
inhomogeneity may originate from special defect struc-
tures, which relax easily at the surface but remain in the
bulk. The behavior of this type of defect demonstrates
some similarity to the defects mentioned by Stolk and co-
workers.> This structural inhomogeneity will have an im-
portant influence on the analysis of the general electronic
and thermodynamic properties of a-Si, especially since
most studies so far have been performed on the bulk sam-
ples and the depth-dependent aspect has been neglected.
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TABLE 1. The laser wavelengths A used and the corresponding absorption coefficients @ and their
Raman penetration depths 8 in a-Si (Refs. 5,12, and 13).

A (nm) 4579 488.0
a (10° cm™) 6.0 4.8
8 (nm) 19.2 24.0

514.5 568.2 647.1 676.4
35 1.8 10 0.75
32.9 64.0 115.0 153.5

The amorphous sample was produced by 600-keV Si-
ion-implantation in single-crystal (100) Si at liquid nitro-
gen temperature with a dose of 10'® ion/cm? at a rate of
5% 10'? jons/cm?/s. To avoid the channeling effect, the
(100) surface of the silicon substrate was tilted 7° relative
to the ion-beam direction. Further details of the implan-
tation method are described elsewhere.!”

The amorphous state of the surface layer of the silicon
wafer was investigated by the Rutherford backscattering
channeling (RBSC) technique, and its thickness was mea-
sured at the same time. The RBSC spectrum shows that
the sample was amorphized right from the surface down
and the thickness of the amorphous layer was 1330 nm.
The Raman scattering measurements were performed at
room temperature with a Spex 14018 Raman spectrome-
ter. Due to the high optical absorption of the sample, a
pseudobackscattering geometry was adopted.!! Six laser
wavelengths were used for the depth profiling: the 457.9,
488.0, 514.5, and 568.2, and 647.1 and 676.4 nm lines
from Ar* and Kr™ lasers, respectively. Precise optical-
absorption coefficients a are not available at these wave-
lengths for this ion-implanted sample. Hence we have to
use the closest known values, which are listed in Table
%1213 together with the Raman penetration depth 8.
Raman signal intensities are an integration of all the scat-
tered light from different depths,'*

Iw)=Iow* [ “exp(—2az)o,dz , (1

where I is the incident light intensity, o, is the scatter-
ing efficiency of amorphous Si, which is supposed to be a
constant,’* and ® is the laser frequency. Since the
profiling is achieved by Raman measurements, we define
the Raman penetration depth § as the distance z from the
surface where the integrated scattered light intensity at
the laser wavelength reached 90% of the total. The larg-
est penetration depth is 153.5 nm at the 676.4-nm laser
wavelength, which is still much smaller than the thick-
ness (1330 nm) of the amorphous layer. Thus all of the
scattered light is from a-Si and there is no contribution
from the crystalline silicon substrate. The smallest
penetration depth is 19.2 nm for the 457.9-nm laser wave-
length, and all other laser wavelengths are probing depths
in between 19.2-153.5 nm. Although this is a relatively
shallow layer near the surface of the material, it provides
a means of probing the homogeneity in this layer. The
uncertainty in a estimated from the results obtained by
different authors>!%!3 introduces some error into the cal-
culated Raman penetration depths. However, the varia-
tion of nearly one order of magnitude in a from 457.9 to
676.4 nm guarantees the validity of the depth profiling.
Typical estimated error bars are indicated in the related
figure.

Raman spectra are shown in Fig. 1(a) for selected laser

excitations. All these spectra demonstrate three typical
Raman bands: the optical-phonon-like band located at
~470 cm ™!, the acoustic-phonon-like band in the range
100-200 cm ™!, and a mixed band in between. The spec-
tra demonstrate that the surface layer of the sample is
amorphized by the self-ion-implantation, as the typical
520 cm ™! peak of crystalline silicon is not visible. A very
pronounced variation in these spectra is the relative
scattering intensities of the 470- and 100-200-cm ™!
bands. The 470-cm™! optical-phonon-scattering band
originates from the destruction of the short-range order
of the silicon lattice. We denote its intensity by I,. The
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FIG. 1. (a) The Raman spectra of the a-Si sample produced
by self-ion-implantation excited with 457.9- (upper trace), 514.5-
(middle), and 647.1-nm (lower) laser lines (the base lines of the
spectra are offset to illustrate the intensity variation clearly). (b)
The Raman spectra of the a-Si sample produced by electron-
beam evaporation excited with 457.9- (upper) and 647.1-nm
(lower) laser lines. (c) The same as for (a) after annealing the
sample at 500°C for 1 h. The sharp peak at 50 cm™! in the
upper trace is an argon-laser plasma line.
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TABLE II. The Raman scattering parameters of the self-ion-implanted a-Si sample obtained using
different laser wavelengths and at room temperture (RT) and after annealing at 500°C: Raman shifts
(w,) of the optical-phonon-like peaks, the linewidths of the optical- (acoustic-) phonon-like band
Aw, (Aw, ), and the intensity ratio of the two bands y =1, /1,,.

Wavelength o, (cm™!) Aw, (cm™Y) Aw, (cm™) y=I,/I,
(nm) RT 500°C RT 500°C RT 500°C RT 500°C
457.9 470 475 40.8 36.5 95.3 96.1 0.52 0.35
488.0 470 475 40.1 33.1 96.9 98.0 0.59 0.37
514.5 470 475 42.5 35.8 98.7 96.6 0.62 0.39
568.2 470 476 419 34.4 98.0 96.4 0.71 0.45
647.1 470 477 39.7 34.4 103 98.4 0.76 0.44
676.4 472 480 39.5 35.1 102 100 0.80 0.43

100-200-cm ~! band, which originates from the destruc-
tion of long- and/or intermediate-range order of the lat-
tice, is a measure of the density of states of the acoustic
phonons. We denote its intensity by I,. Table II lists the
measured parameters of the spectra, including the Ra-
man shifts (o,) of the optical-like phonon, the optical-
(and acoustic-) phonon-like band linewidths Aw, (Aw, ),
and the intensity ratios ¥y =1,/I,. It can been seen for
the as-implanted a-Si (in the column marked by RT in
Table II) that ®, (470 cm ') and Aw, (~35 cm ™)) of the
optical-phonon-like peak show that the sample is in the
so-called unrelaxed state and that the values obtained are
in agreement with those measured by Sinke et al.® It is
also clear that both w, and Aw, show no noticeable laser
wavelength dependence. Only the intensity ratio ¥ shows
such a dependence, and the shorter the laser wavelength
the smaller the intensity ratio.

There are two possible mechanisms that may account
for the observed laser-wavelength-dependent scattering.
As the absorption coefficients are different and hence the
penetration depths of these laser lines are different, the
variation of the scattering parameters such as the intensi-
ty ratio ¥ may reflect directly the depth-dependent
structural inhomogeneity of a-Si. The other possibility is
resonant Raman scattering. It is well known'¢ that when
either the incident or the scattered light wavelengths ap-
proach an energy level of the material, resonance scatter-
ing will occur. In this process, the Raman intensity of
those modes that are strongly coupled with the transition
to the related energy level will be resonantly enhanced.
In semiconductor materials, the acoustic- and optical-
phonon-like modes may couple differently with some en-
ergy level, and hence the scattering behavior can be
different.

To differentiate between these two possibilities, we con-
ducted a reference experiment. A homogeneous a-Si lay-
er produced by electron-beam evaporation'’ was mea-
sured at these same laser wavelengths. It is known that
the physical properties of an evaporated film can differ by
many orders of magnitude depending on the production
parameters. The film we used here is in the so-called
stable state of a-Si.!® Figure 1(b) shows the results from
the 457.9- and 647.1-nm laser wavelengths. It is clear
that the two curves show the same intensity ratio
(~0.46) for the optical and acoustic-phonon-like bands.
This demonstrates that the resonance scattering, if there

is any, does not influence the relative intensities in this
sample, and that the a-Si sample formed by electron-
beam evaporation is homogeneous in the probed region.
The ion-implanted sample may be different from the
electron-beam evaporated one, and thus the possibility of
some resonance effect can not be absolutely ruled out.
However, an investigation of the measured optical ab-
sorption of amorphous silicon shows that the absorption
edge is far from the wavelengths used for the Raman ex-
periments.> 2?2 Hence a resonance effect is not likely to
occur in this sample. Thus we believe that this laser
wavelength-dependent variation in the scattering parame-
ters is largely due to the structural inhomogeneity of the
materials.

The inhomogeneity is not induced by laser heating dur-
ing the Raman experiments. We proved this by an exper-
iment in which laser powers of 30 and 300 mW at 457.9
nm were used. If there is a laser heating effect the one
from 457.9 nm would be the strongest, since the absorp-
tion coefficient at this wavelength is the largest of all the
laser wavelengths. The Raman results showed no
difference between the two recorded spectra, except for
the longer measurement time needed to obtain the same
scattering intensity for the 30-mW incident beam com-
pared to the 300-mW one.

Raman signals arise from the lattice vibrations in solids
and relate directly to the microstructure of the material.
Raman spectra of both crystalline and amorphous silicon
have been discussed extensively.!%!%2° It has been con-
cluded that the optical-phonon-like band in a-Si reflects
the density of states of the optical phonons. The optical
phonons are primarily related to the bonding between
nearest-neighbor atoms, i.e., to short-range order, while
the acoustic-phonon scattering is related more to the in-
termediate or long-range order. Hence the relative inten-
sity of the two Raman bands may be taken as a measure
of the weight of the short- to long-range order (or disor-
der in amorphous materials). Figure 2 shows the results
of the measured intensity ratios at different laser wave-
lengths. According to the above argument that different
laser wavelengths probe different depths of the sample,
the curve then can be transferred to a depth dependency.
Based on the measurements, it is clear that the variation
of the scattering intensity ratio is largest on the surface
part of sample and smallest inside. It seems that there is
an approach to saturation from the surface towards the
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FIG. 2. The Raman intensity ratio of the acoustic- and
optical-phonon-like scattering for the self-ion-implanted sample
as a function of the excitation laser wavelengths, indicated by
the arrows and the numbers (in nm), and the corresponding Ra-
man penetration depth: O, as-implanted, and O and O after an-
nealing at 500 and 550°C, respectively. The estimated error due
to the inaccuracy of the absorption constants and the measured
scattering intensities (I,,I,) are shown by the error bars for
457.9- and 647.1-nm wavelengths. The full circles show the in-
tensity ratio obtained from the electron-beam evaporated sam-
ple at 457.9 and 647.1 nm, respectively.

interior of the sample. Such a variation provides a hint
to understanding the results. The profile of the measured
I1,/1, is a response to a certain distribution of defects.
The number of defects is very small at the surface and in-
creases gradually towards the interior and finally reaches
the saturation value of the bulk. Considering the ion-
implantation process, there are various types of defects
that may be produced and annihilated during the implan-
tation. We suppose that some of the defects may easily
diffuse to the surface and be annihilated there at an
elevated temperature due to the irradiation®! or at just
room temperature, while inside the sample many of these
defects remain due to a limited diffusion length. Hence a
distribution profile of the defects was formed during the
implantation and this has been reproduced by the Raman
intensity ratio.

If this explanation is true then the distribution should
disappear upon eliminating the defects by, for example,
annealing. There are several reports™® that indicate that
annealing at 500 °C for 1 h produces structural relaxation
and defect annihilation. Parts of the self-ion-implanted
sample were annealed in a nitrogen atmosphere for 1 h at
500 and 550°C, respectively, and after each annealing the
sample was measured again by the different laser wave-
lengths. The results are shown in Fig. 1(c), and the evalu-
ated intensity ratios y are shown in Fig. 2 by the <
(500°C) and O (550°C) symbols. The scattering parame-
ters obtained after annealing are also listed in Table II.

It is apparent that there are two types of variations.
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The acoustic-phonon-like peak was much reduced in rela-
tive intensity upon annealing, and accordingly the corre-
sponding defects were largely annihilated in the process.
The variation of ¥ with depth is much reduced or has
disappeared, and it approaches a value corresponding to
that of the surface. The sample has become rather homo-
geneous. The second type of variation is demonstrated in
the peak position shift and the linewidth narrowing of the
optical-phonon peak, which shows that upon annealing
the a-Si reaches the so-called relaxed state at the same
time. The average bond-angle distortion is reduced from
11° to 9°, according to the analysis given in Ref. 19. The
Raman frequency shift and linewidth narrowing do not
show a depth dependence. This means that the short-
range disorder is not depth sensitive either before or after
the annealing. These variations, which follow the state
change from the as-implanted a-Si to a relaxed one, are
not directly related to the variation of the intensity ratio
v. The two types of variation upon annealing support
the a-Si model’ in which the amorphous silicon produced
by ion fmplantation is described by a continuous random
network and distributed defects. The defects, character-
ized by the low-frequency acoustic-phonon-like scattering
peak, show several similarities in behavior with the de-
fects described by Stolk and co-workers.” Using photo-
carrier lifetime measurements and Raman spectroscopy,
they investigated the correlation between defect annihila-
tion and bond-angle relaxation in a-Si. They showed that
the defect population produced by ion implantation in
both ¢-Si and relaxed a-Si are similar, and also that these
defects were annihilated at about 500°C. In our case, the
defects appear upon ion implantation in crystalline sil-
icon and also in the amorphous silicon sample. We have
argued'© that these defects affect the intensity of the low-
frequency Raman band (100-200 cm ™ !). In addition, the
annealing temperature we used to reduce the number of
the defects happens to be the same as theirs. It is
noteworthy that annealing at 500 °C causes both network
relaxation and annihilation of the defects.

In conclusion, we have probed the surface layer of
self-ion-implanted Si by the Raman scattering technique,
and a laser-wavelength-dependent scattering-intensity ra-
tio for the acoustic- and optic-phonon-like modes was
discovered. This dependence was determined to be due
to a depth-related effect, since the different laser lines
penetrate into different depths of the sample. Hence a
structural inhomogeneity was revealed, which was not
observed in an a-Si sample produced by electron-beam
evaporation. This inhomogeneity seems to originate from
the surface relaxation of certain defects during the im-
plantation process. These defects are related to some ex-
tent to the acoustic-phonon-like scattering, and have a
strong influence on the long- and/or intermediate-range
disorder. They can be removed by annealing at 500 °C for
~1 h and show a similarity to the defects discovered in
the photocarrier lifetime measurements of Stolk and co-
workers.
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