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Abstract Ge nanocrystallites (Ge-nc) have been formed
by ion implantation of Ge*’* into SiO, matrix, thermally
grown on p-type Si substrates. The Ge-nc are examined by
Raman spectroscopy, photoluminescence (PL) and Fourier
transform infrared spectroscopy (FTIR). The samples were
prepared with various implantation doses [0.5; 0.8; 1; 2; 3;
4] x 10" cm™ with 250 keV energy. After implantation,
the samples were annealed at 1,000 °C in forming gas
atmosphere for 1 h. Raman intensity variation with
implantation doses is observed, particularly for the peak
near 304 cm™'. It was found that the sample implanted with
a doses of 2 x 10'® cm™ shows maximum photolumines-
cence intensity at about 3.2 eV. FTIR analysis shows that
the SiO, film moved off stoichiometry due to Ge™* ion
implantation, and Ge oxides are formed in it. This result is
shown as a reduction of GeOy at exactly the doses corre-
sponding to the maximum blue-violet PL. emission and
the largest Raman emission at 304 cm™'. This intensity
reduction can be attributed to a larger portion of broken
Ge-O bonds enabling a greater number of Ge atoms to
participate in the cluster formation and at the same time
increasing the oxygen vacancies. This idea would explain
why the FTIR peak decreases at the same implantation
doses where the PL intensity increases.
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Introduction

In recent years, semiconductors nanocrystals have attracted
great interest for potential applications in electronic and
optoelectronic devices [1, 2]. The main reason for this
interest is that such structures show efficient charge storage
capacity in discrete memory devices (transistor floating
gate) [3] and visible photoluminescence at room tempera-
ture (RT) [4], besides its compatibility with silicon-based
integrated circuit technology. Specifically Ge-nc embedded
in SiO, matrix, shows advantages with respect to Si: strong
quantum confinement [5] resulting in a direct gap semi-
conductor nature, high dielectric constant, and smaller
band-gap [2].

Ge-nc embedded in SiO, can be obtained by preparation
techniques such as laser ablation [6], LPCVD [7], ion
implantation [8], and rf co-sputtering [9]. We have chosen
the technique of ion implantation due to its simplicity and
compatibility with integrated circuit technology, and be-
cause of the simplicity of controlling particle size and
density. In the ion implantation technique Ge-nc can be
produced by implanting Ge ions at high doses into SiO,
matrix, following by high temperature annealing to induce
precipitation and the formation of the Ge-nc. In this paper
we study the effects of the implantation doses on the
crystalline ordering of the Ge-nc formed in SiO, matrix.
Samples were investigated using Raman spectroscopy, PL
and FTIR.

Experiment
Si0, films with a thickness of 300 nm were grown on (100)

p-Si substrates, with a resistivity of 4 Q cm, using thermal
oxidation at 1,000 °C, for 90 min. Monte Carlo simulation
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code (TRIM) was used to calculate the adequate energy in
order to place the maximum Ge concentration at the middle
of the SiO, film. SiO, matrices were implanted with Ge™
ions at RT, with 250 keV energy, using implantation doses
of [0.5, 0.8, 1, 2, 3 and 4] x 10'® cm™2. After ion implan-
tation, the samples were annealed at 1,000 °C for 1 h in a
forming gas atmosphere to precipitate Ge and to form the
nanocrystallites.

Raman spectra were obtained using a triple grating T-
64000 Jobin-Yvon spectrometer, with 1 cm™ spectral
resolution. The 514 nm line of the argon laser was used to
excite the samples. All samples were measured at RT; the
laser power on the sample was 9 mW. The diameter of the
laser spot was 50 pum and the integration time was 30 min.
The resonant Raman spectra were obtained in the back-
scattering configuration. The orientation of the Si substrate
is fundamental to polarize the laser light, allowing the
second-order Raman Si peak, at about 300 cmfl, to be
suppressed not masking the Raman peaks corresponding to
Ge-nc.

PL spectra were measured at RT with a 240 nm exci-
tation source, using a Spex Fluoromax spectrometer with a
R298 Hamamatsu photomultiplier.

Compositional analysis of the SiO, matrix was carried
out using a DIGILAB infra-red Fourier transform spec-
trometer. The system was purged with dry N, to reduce
the infrared (IR) absorption from H,O and CO,. Trans-
mittance measurements were carried out within the 400-
4,000 cm™' range at 300 K. The beam spot size was about
5 mm diameter and the resolution was 4 cm™'. In all cases
a non-processed Si substrate sample was used as a
reference.

Results and discussions

Figure 1 presents the Raman spectra of the films implanted
with various doses [0.5; 0.8; 1; 2; 3; 4] X 10'6 cmfz, fol-
lowed by annealing forming-gas, (92% N, + 8% H,) at
1,000 °C, for 1 h. The position of the peak for bulk Ge was
determined at 302.4 cm™" and this value is used to compare
with Ge-nc peaks. The Raman spectra of the implanted
samples clearly show three bands: 210-280, 304 and
430 cm™!. The first one, 210-280 cm_l, is associated with
amorphous Ge compounds. Such band was expected as the
samples have been annealed at 1,000 °C, therefore above
the Ge melting temperature (938.3 °C) [10]. At this tem-
perature, Ge precipitates as liquid droplets inside a viscous
oxide matrix. The second band was near 304 cm_], and can
be associated with Ge-nc. This band is in good agreement
with the work reported by Wu et al. [11]. Finally, the
third band at 430 cm™" is related to local Si-Si vibrations
[12].
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Fig. 1 Raman spectra at room temperature for Ge-nc embedded in
SiO, matrix as a function of implantation doses. The Raman spectra
in these samples show clearly three bands: 210-280, 304 and
430 cm™! associated with Ge amorphous, Ge-nc and Si—Ge localized,
respectively

Figure 2 shows in detail the second band at about
304 cm™! for all samples. In this figure we can observe the
followings: (a) all spectra present a well-defined peak and
their shapes are essentially the same as observed for bulk
Ge crystal (c-Ge). The presence of this band in our spectra
confirms the existence of Ge-nc in the SiO, matrix. (b) All
Raman spectra not only show wider, but also slightly
antisymmetrical and blue shifts bands, when comparing to
bulk c-Ge. The displacement in the position of the Raman
peak for Ge-nc, according to Wellner et al. [13], can be
attributed to isotopic effects, phonon confinement and
stress effects of the oxide matrix on the Ge-nc. (c) All
Raman spectra show a variation of the position of
the maximum intensity peak near w~304 cm™' with
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Fig. 2 Room temperature Raman spectra of Ge*-implanted in SiO,
matrix with doses of (b) 5 x 10", (c) 8 x 105, (d) 1 x 10, (e)
2 X 1016, )3 x 1016, and (g) 4 X 10'® jons/cm?. For comparison the
spectrum of the Ge-bulk was included in (a). The bulk spectrum has
been multiplied by 0.4 for clarity
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Fig. 3 Maximum intensity peak and area under the Raman curve as a
function of Ge* implantation doses

implantation doses, see Fig. 3. This effect leads us to be-
lieve that the implantation doses can exerts influence in the
level of crystallinity of the nanostructures and damages
produced inside the oxide matrix and not hilled by the
annealing could be affecting the Raman intensity. (d) Fi-
nally the maximum Raman intensity occurs for doses of
2 x 10" cm™.

Figure 3 shows the maximum peak and area under the
Raman peak as a function of Ge® implantation doses.
Comparing these results, it is observed that both the area
and the Raman intensity exhibit a maximum at implanta-
tion doses of 2 x 10'® cm™. Simple Lorentzian fitting have
been made on the Raman spectra in order to obtain the
peak position, full width at half maximum (FWHM), and
the area under the Raman peak, see Table 1. The FWHM
of the Raman spectra has an average value of 17 nm. The
FWHM values indicate reasonable crystallinity when
compared with previous reports [11]. Using the results of
the FWHM dependence with average particle size from
Fujii et al. [14], we can estimate the average nanostructure
sizes to be between 4 and 5 nm. A possible explanation for
the large FWHM value in the present case can be attributed
to the polycrystalline effect in the silicon oxide matrix

Table 1 Measured Raman peak position w, FWHM Aw and area
under the Raman peak

Doses o (cm™) FWHM Aw Area
(cm™) Lorentzian (cm™) (a.u.)
5% 10" 305.1 14.3 10.48
8 x 10" 304.5 15.8 10.17
1 x10'® 304.3 20.2 15.26
2 x 106 304.5 17.2 21.64
3 % 10'6 304.7 19.1 14.63
4 x10'° 304.1 16.6 12.6

Bulk Ge 302.4 8.3 -
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Fig. 4 PL spectra obtained for samples annealed at 1,000 °C for 1 h
after RT-implantation at an energy of 250 keV with doses of
5% 10", 8 x 10", 1 x 10", 2 x 10'%, 3 x 10'6, 4 x 10" cm™

caused by the high annealing temperature. Another expla-
nation might be related to implantation-induced lattice
disorder.

Figure 4 shows the room temperature PL spectra for Ge-
implanted at different implantation doses and annealing at
1,000 °C for 1 h. The spectra exhibit a broad blue-violet
PL band at around 3.2 eV (400 nm) and a weak peak at
about 4.0 eV. In our experiment, maximum PL intensity
was achieved with implantation doses of 2 x 10'® cm™.
The weak emission was only observed for the doses of
1 x 10" and 2 x 10'® cm™. Maximum PL intensity peak
was reached at implantation doses of 2 X 10'° cm_z,
approximately 10 times higher than that at the
1 x 10" cm™ doses. Similar behavior has been reported
by Lee et al. [15]. However, the origin of this PL band and
the relationship to Ge-nc is not clear. It has been observed
in the literature that the PL band at about 3.2 eV is due to
germanium—oxygen-deficient-centers (GODC) [16, 17]. In
our opinion, we believe that the PL emission is more re-
lated to these defects and the annealing temperature than to
the emission from Ge-nc excitonic transitions.

Figure 5 shows a typical change of FTIR absorption
spectral of Ge-nc embedded in a SiO, matrix. All spectra
show three well defined sharp peaks around ~460, ~840
and ~1,080 cm™', associated with rocking, bending and
stretching vibration modes of the Si—O bonding, respec-
tively [18]. Studies reported in the literature have shown
that Ge implanted SiO, matrix followed by high annealing
temperatures leads to a process of germanium oxide for-
mation [19]. From this set of FTIR spectra, we observe
clearly the presence of GeOy peak by the presence of
vibration modes at around 600 cm™'. This peak is associ-
ated with the Ge—O-Ge bending mode and is present in all
the implanted and annealed samples. The peak position is
shifted by 20 cm™ when compared to previous reports
[18, 20]. Lucovsky et al. [21] has shown detailed studies of
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Fig. 5 FTIR transmission spectra for samples annealed at 1,000 °C
for 1 h after RT-implantation at an energy of 250 keV with doses of
5% 10", 8 x 105, 1 x 10", 2 x 10'%, 3 x 10'%, 4 x 10'* cm™. In
the stoichiometric SiO, film, tree vibrational bands exist at 460, 840
and 1,080 cm™ (TO; mode), corresponding to rocking, bending and
asymmetric stretching vibrations of Si—~O-Si bond, respectively

the influence of several SiO, film deposition parameters
in the vibrational frequencies. Zacharias et al. [22] has also
pointed out the existence of a high concentration of
oxygen in the sample as being the reason for a 60 cm™
displacement observed in the Ge—-O-Ge stretching mode.

In our opinion, the discrepancy observed in the position
of the Ge-O FTIR peak is more likely associated with
differences in fabrication technique and parameters used to
produce the GeO,. In SiO,, for instance, it is well known
that depending on the fabrication technique, the film
thickness, and pressure in the deposition chamber, the Si—-O
stretching can shift up to 100 cm™ [23].

A detailed examination of the Ge-O-Ge bending mode
shows a slight reduction exactly at the same implantation
doses for which we have obtained the maximum PL and
Raman emission. A possible explanation for the reduction
in intensity for these doses is that a larger portion of the Ge
atoms is participating in cluster formation. At the same
time, PL spectra indicate that a larger number of oxygen
vacancies might occur for these same doses. Thus, we
believe this may be an indication that GeO, formation is
probably inhibiting both the cluster and the vacancy defect
development. This study is ongoing and is still not clear the
mechanism by which this process can occur.

Conclusion

We have studied the optical and structural characteristics of
Ge nanocrystallites obtained by ion implantation and
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annealing at high temperatures. In these results it was
observed that Ge nanocrystallites coexist with amorphous
Ge at annealing temperatures of 1,000 °C. A photolumi-
nescence peak at 3.2 eV and Raman spectrum at 304 cm™
are observed for the sample implanted at room temperature
with doses of 2 x 10'® cm™. The origin of the PL emission
is most probably due to GODC defects produced both
during the implantation and annealing processes. Analysis
of the Infrared spectroscopy indicates a slight intensity
reduction in GeOy at exactly the doses 2 x 10'® cm™. A
possible explanation for this reduction at this particular
implantation doses is that a higher portion of the Ge-O
bonds are being broken enabling a greater number of Ge
atoms to participate in the cluster formation. We believe
that the shift in the Ge—O peaks in the FTIR is more
associated with differences in the technique and parameters
used to produce the GeO,.
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