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In our contribution we present the fabrication of Si;_,Ge, alloy by ion-implantation and millisecond flash
lamp annealing. The 100 keV Ge ions at the fluence of 10 x 10'%, 5 x 10', and 3 x 10*® cm™2 were implanted
into monocrystalline (100)-oriented Si wafers covered by 50 nm thermal oxide. In the consequence, the 50 nm
amorphous Ge rich Si layers were obtained. The recrystallization of the implanted layers and the Si;_,Gey
alloying were accomplished by flash lamp annealing with the pulse duration of 20 ms. Flash lamp treatment at
high energy densities leads to local melting of the Ge-rich silicon layer. Then the recrystallization takes place due
to the millisecond range liquid phase epitaxy. Formation of the high quality monocrystalline Si;—,Ge, layer was
confirmed by the y-Raman spectroscopy, the Rutherford backscattering channeling and cross-sectional transmission
electron microscopy investigation. The u-Raman spectra reveal three phonon modes located at around 293, 404, and
432 cm ™! corresponding to the Ge-Ge, Si-Ge and Si-Si in the Si;_,Ge, alloy vibrational modes, respectively. Due
to much higher carrier mobility in the Si;_,Ge, layers than in silicon such system can be used for the fabrication

of advanced microelectronic devices.

DOI: 10.12693/APhysPolA.123.858
PACS: 61.72.uf, 78.55.Ap, 68.37.Lp

1. Introduction

Silicon-germanium (Si;_,Ge,) alloying can tailor the
electronic properties of silicon to improve the perfor-
mance of microelectronic devices (e.g., heterojunction
bipolar transistors and CMOS transistors). Up to now
mainly epitaxial methods (e.g., chemical vapor deposi-
tion, molecular beam epitaxy) are applied in the synthe-
sis of Si; _, Ge,, alloys [1, 2]. Ge-ion-implantation into the
Si wafer followed by subsequent annealing is an efficient
commercial method to synthesize Si;_,Ge, [3-7]. In this
paper we propose the realization of a compact, CMOS
compatible and fully integrated solution for the integra-
tion of the SiGe alloys in silicon technology for electronic
applications. The Si;_,Ge, layer is synthesized in sil-
icon wafers using the combined ion beam implantation
and millisecond flash lamp annealing (FLA) techniques.
The energy budget introduced to the sample during FLA
is sufficient to recrystallize the amorphized layer due to
ion-implantation and to form Si;_,Ge, alloy. Success-
ful formation of the Si;_,Ge, layer was confirmed by
u-Raman spectroscopy and cross-sectional transmission
electron microscopy (TEM). Moreover, the data obtained
by the Rutherford backscattering spectrometry (RBS) in
random and channeling conditions shows the formation
of quasi-epitaxial Si;_,Ge, layer on Si.

2. Experimental setup

Single-crystalline n-type (100) silicon wafers covered
with 50 nm of a dry-grown thermal oxide layer were im-
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Fig. 1. Atomic densities of Ge as the functions of depth

from the surface of the Si wafer after implantation with
the kinetic energy of 100 keV and the fluence of 3 x 10'¢,
5 x 10'%, 10 x 10'® cm™2. The results were simulated
by the SRIM code [8].

planted with the Ge ions at the energy of 100 keV and
the fluence of 1 x 1017, 5x 10*¢, 3x 106 cm~2 (the corre-
sponding samples will be referred to as 1E17, 5E16, and
3E16, respectively). In a consequence, the amorphous
Ge-rich Si layers were obtained. Figure 1 shows the pre-
dicted depth profile of Ge atoms in the SiO/Si system in
the as-implanted stage. From the peak concentration of
the samples, the = values for Si;_,Ge, are calculated to
be 0.23, 0.13, and 0.081, respectively. The recrystalliza-
tion of the implanted layers and the Si;_,Ge, alloying
were carried out by flash lamp annealing for 20 ms. In
such stage flash lamp treatment at high energy densities
heats the surface above 1400°C hence leading to local
melting of the Ge-rich silicon layer within several hun-
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dreds nanometers’ range, whereas the rest of the wafer
remains cold. Then due to such significant temperature
differences, the molten layer starts to cool down in the
millisecond range, which results in the bottom-up liquid
phase epitaxial growth of the Si;_,Ge, layer.

The optical and structural properties of the Si;_,Ge,
alloy were investigated by means of pu-Raman spec-
troscopy. The p-Raman spectra were performed in a
backscattering geometry with a 532 nm Nd:YAG laser
excitation, and detected by a liquid-Ns-cooled charge-
-coupled device. The Ge distribution and crystallinity of
the Si;_,Ge, layer after implantation and annealing were
evaluated by the RBS. The RBS spectra were collected
with a collimated 1.7 MeV He™ beam at a backscattering
angle of 170°. The sample was mounted on a three-axis
goniometer with the precision of 0.01°. The channeling
spectra were collected by aligning the sample to make
the impinging He' beam parallel with the Si(001) axis.
Moreover, the microstructural properties of the Si; _,Ge,
alloy were investigated by the cross-sectional TEM. The
TEM images were taken by means of an FEI Titan 80-
300 scanning transmission electron microscope operating
at 300 keV.

3. Results and discussion

3.1. Raman spectra

The optical properties of the Ge'-implanted and flash
lamp annealed samples were investigated by means of
p-Raman spectroscopy. Figure 2 shows the py-Raman
spectra obtained from the implanted and FLA annealed
samples at 1400°C for 20 ms. According to the absorp-
tion coefficient « for Siy_,Ge, (z = 0.228, 0.129, 0.081),
reported by Humlicek et al. [9], the penetration depth
for 532 nm (2.41 eV) light is estimated to be more than
100 nm. Therefore, the Raman spectra exhibit the in-
formation about the Si;_,Ge, alloy layer and the silicon
substrate with the main peak located at 520.5 cm™! at-
tributed to the scattering of Si longitudinal optical (LO)
phonon mode.

Besides the LO phonon mode, the silicon substrate
shows the peak at 303 cm~! originating from the
second-order transverse acoustic phonon (2TA) scatter-
ing mode. In the case of the sample implanted at
10 x 10'6 cm~2, after annealing the Raman spectra show
three peaks at about 286 cn™!, 403 cm ™!, and 508 cm !
corresponding to the first-order Raman scattering from
the Si;_,Ge, layer: Ge-Ge, Si—Ge, and Si-Si atomic vi-
bration bonds, respectively [10, 11]. In addition, there is
another peak at around 430 cm ™!, which is related to the
local Si—Si phonon mode due to compositional disorder
and localization in the Si;_,Ge, layer [9, 12, 13].

For the samples 3E16 only a weak phonon mode at
around 430 cm~! due to the Si-Si atomic vibration bonds
in the SiGe layer was observed. The Si—Ge related atomic
vibration bonds were seen from the samples implanted
with the fluence of 5 x 1016 ¢cm~2 which is the minimum
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Fig. 2. p-Raman spectra obtained from the flash lamp
annealed samples for 20 ms at 1400°C. Several char-
acteristic peaks of Si;_,Ge, are clearly depicted. The
inset shows the change of the Ge-Ge related phonon
mode position and FWHM as the function of annealing
temperature.

fluence needed for efficient Si;_,Ge, alloy layer forma-
tion.

The inset in Fig. 2 shows the change of the Ge-Ge re-
lated phonon mode position as the function of annealing
temperature. This Ge-Ge mode was clearly seen only
from the samples 1E17 annealed at a temperature higher
than 1200°C. With increasing annealing temperature
from 1300 up to 1550°C, the position of the Ge-Ge re-
lated phonon mode shifts from 277 to 291 cm~! and the
FWHM decreases from 38 to 18 cm~!. That vibration
phonon mode was ascribed to the Ge nanocrystals formed
in the oxide layer close to the SiO5/Si interface. The bulk
crystalline Ge has a phonon mode at 300.7 cm™! [14].
But due to the quantum confinement effect, the peak po-
sition of this phonon mode in the Ge nanocrystals shifts
to the lower frequency. Hence we can conclude that the
observed Ge—Ge related phonon mode is due to the Ge
nanocrystals whose sizes increase with the increasing an-
nealing temperature. In the meanwhile, a decrease of the
FWHM shows an improvement of the nanocrystals qual-
ity by the strain reduction within the Ge nanocrystals.
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Fig. 3. The shift of the main phonon mode peak posi-
tion in the Si;_,Ge, alloy as the function of annealing
temperature (a) and FWHM of the related peaks (b)
obtained from the sample implanted with the fluence of
1 x 10" Ge™ /em?.
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Figure 3a shows the peak position evolution of the
main phonon modes in the Si;_,Ge, alloy as functions
of annealing conditions. In the case of the Si-Ge phonon
mode, the peak shifts from 393.8 to 402.9 cm™' which
is an evidence for better alloying and for the increase of
Ge concentration in the Si;_,Ge, layer. The Si-Si:Ge
(Si-Si bonds surrounded by the Ge atoms) phonon mode
shows the same behavior. The position shift of the Si—Si
vibration phonon mode in SiGe to the lower frequency
(from 436 to 432 cm™!) indicates improvement of the
Si;_,Ge, layer and such behavior is typical of the sam-
ples with higher Ge concentration. Improvement of the
crystal quality with the increasing annealing temperature
is also confirmed by the decrease of the FWHM of the
main Si-Ge related phonon modes (see Fig. 3b). From
these discussed features, 1400 °C is determined to be the
best annealing temperature.

3.2. Rutherford backscattering spectra

Figure 4 shows the RBS random and the channeling
spectra along the (001) direction for the FLA Si;_,Ge,
samples at 1400 °C. Before test the SiO- layers were re-
moved by chemical etching. From the random spectra the
Ge penetration depth is calculated. For both samples,
the Ge concentration is roughly uniform from the surface
to around 50 nm depth. At the higher energy side (i.e. the
sample surface) the Ge distribution shows a sharper edge.
This is because the SiOs layers on top were removed so
that the higher Ge concentration layer was directly ex-
posed on top of the wafer. In the deeper region, the Ge
concentration remains the Gaussian shape, which is con-
sistent with the SRIM results discussed above. From the
channeling spectra (Si signal), near the surface there are
two peaks. The one at higher energy is the signal of Si in
the Si;_,Ge, layer, as a consequence of the disorder in
the alloy; whereas the deeper one is from the interface
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Fig. 4. RBS random and channeling spectra of FLA
Si;—,Ge, for Ge implantation fluence of 10 x 10'° and
5 x 10'% ¢cm™2. The channeling effect clearly suggests
the recrystallization of the amorphous Si;—,Ge, layer
after FLA.

Fig. 5.

(a), (b) Cross-sectional transmission electron
microscopy images of the sample 1E17 (a) and 5E16
ecm ™2 (b). SiO2 and Si;_,Ge, layers show distinct dif-
ferences.

between the molten layer and the region remained solid
phase during FLA. For the sample 5E16, the Ge depth
is slightly shallower and the Ge-implanted thickness is
thinner than the 10 x 10'® ¢m~2 implanted one, which
shows differences from the theoretical results calculated
by SRIM discussed above.

3.8. Cross-sectional transmission electron microscopy

Cross-sectional transmission electron microscopy was
used to examine the crystallinity and depth profile of the
Si;_.Ge, alloys (see Fig. 5). Beneath the surface the
Si;_,Ge, layer with good planarity is clearly shown for
both samples. In the magnified images typical crystal-
lized structures are depicted, which is consistent with the
RBS channeling spectra. Moreover, the high temperature
annealed samples show the Ge nanocrystals formation in
the SiO; layer which is consistent with the data obtained
by the u-Raman spectroscopy.

4. Conclusions

In this contribution, we have successfully synthe-
sized the Si;_,Ge, alloys with different Ge concentra-
tions by the two efficient commercial methods: Ge-ion-
-implantation and millisecond flash lamp annealing. The
Raman spectra suggest the formation of bonds between
Si-Si, Si-Ge, and Ge—Ge; whereas the RBS channeling
spectra as well as the cross-sectional TEM images give
further evidence for the crystallized Si;_,Ge, alloys af-
ter annealing.
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