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Raman scattering was used as a non-contact and non-destructive 
characterization technique to present a systematic study on the 
crystallinity and diffusion of impurities in ultra-shallow ion-
implanted Si wafers. In this study, the samples were prepared by 
the implantation of Si (100) wafers with B. The thermal annealing 
was carried out to investigate the effect of annealing under various 
conditions. The crystallinity of the samples was deteriorated with 
increase in B implantation level. Especially, near the surface, the 
crystallinity was seriously deteriorated, and the Raman spectra 
showed the generation of the amorphous Si phase. By thermal an-
nealing, the surface amorphous Si was re-crystallized, and the im-
planted B was diffused enough to the top surface region. Further-
more, by using an N2 and O2 gas mixture, as an annealing atmos-
phere, promoted the recrystallization of surface amorphous Si and 
improved suppression of diffusion of the implanted B.  
 
 

Introduction 
 

Formation of ultra shallow junctions is a key issue for development of miniaturization 
technologies in LSI [1]. For this purpose, ultra shallow ion implantation is required, as 
well as a novel annealing technique to activate the dopants and to recover the crystal 
quality of the implanted region without significant diffusion of the dopant species. 
Needless to say, such technology cannot be developed without precise characterization of 
impurity concentration profiles and junction depths. Usually, the effects of annealing are 
characterized in terms of sheet resistance measured by a four-point probe along with 
depth profiles of dopants [2,3]. However, a quick and non-destructive characterization 
technique is necessary for in-line process monitoring in semiconductor manufacturing 
environments. 

In this work we focused on Raman scattering, which is a non-contact and non-
destructive characterization technique requiring no special sample preparation. Despite its 
simplicity, Raman scattering provides useful information on materials. For example, one 
can easily evaluate the residual stress and crystallinity (long-range lattice ordering) with 
depth by using probe lasers with different penetration depths (wavelengths)[4,5]. 
Especially, Raman spectroscopy using UV lasers for excitation is an ideal tool for 
characterizing surface regions because the laser penetration depth is typically less than 10 
nm in Si [1]. 

In this study, Si wafers with shallow implantation of B were characterized by Raman 
scattering using UV and visible lasers for excitation. Variation of crystallinity and 
impurity diffusion with depth were analyzed by selecting the appropriate laser 



wavelength for excitation. The annealing effects were investigated by changing the 
annealing temperature and environment. 
 
 

Experiment 
 

We prepared two types of Si (100) wafer samples, which were ion-implanted with 11B 
at an acceleration voltage of 5 kV and doses of 2x1014 cm-2 and 2x1015 cm-2. A 
simulation shows that the boron density peaks at the depth of ~20 nm for this acceleration 
voltage [6]. The samples were annealed at 1005~1045oC for 10 – 45 sec in an 
environment of pure N2 gas or N2 and O2 mixed gases (4:1) using a WaferMasters SRTF-
201LP system. The samples (~3cm x 3cm) for Raman scattering measurement were cut 
from the 200 mm wafers.  

The samples were analyzed by Raman scattering measurements at room temperature. 
The UV and visible lasers at 266.0 nm, 363.8 nm, and 457.9 nm were used as an 
excitation source to analyze the crystallinity in the depth direction in the implanted-
samples. The laser penetration depths into the Si wafer (=1/a, with a being the optical 
absorption coefficient) are estimated as 5, 10 and 300 nm, respectively, and have the 
following meaning: when back-scattered photons are observed, about 90% of the signal 
emanates from the region between the surface and the penetration depth. 
 
 

Results and discussions 
 

Figure 1 (a) and (b) show Raman spectra for Si wafers implanted with 11B of 2x1014 
and 2x1015 cm-2 using different excitation wavelengths as the excitation source. The in-
serts show the peak frequency and the full width at half maximum (FWHM) of a Si pho-
non signal for B-implanted Si wafer samples. In both samples shown in Fig. 1 (a) and (b), 
Si phonon signals at 520 cm-1 were shifted to lower frequency and its FWHM increased 
with decrease in excitation wavelength. As mentioned, the probe depth can be varied by 
using different wavelength for excitation. The laser penetration depth in Si is roughly es-
timated at 5, 10, 300 nm using laser wavelength at 266.0, 363.8, 457.9 nm, respectively.  
The Raman spectrum gives information as to the crystallinity of the surface region using 
the UV laser. While the Raman signals from the shallower penetration depths (using 
266.0 and 363.8 nm) have significant contribution from the surface region, the Raman 
signal from 457.9 nm irradiation (visible region) is dominated by the contribution from 
deeper regions of the silicon and gives crystallinity insight from interior wafer regions.  

From these reasons, the peak shift to the lower frequency side and the increase of 
FWHM indicate the deterioration of the crystallinity of the Si host lattice caused by B ion 
implantation. These features become prominent with increases in B implantation level as 
shown in Fig. 1 (b). On the other hand, in the Raman spectrum using excitation wave-
length at 266.0 nm, shown in Fig. 1(b), the peak has asymmetric shape tailed to the lower 
frequency side.  An additional broad signal was also observed at ~490 cm-1, shown as the 
dotted line in Fig. 1 (b). These features were also observed in Fig. 1 (a). These results in-
dicate that the crystallinity of the surface region was seriously deteriorated and the amor-
phous Si was formed from B ion implantation at the surface.  



 
Figure 1. Raman spectra for samples implanted with B of 2x1014 cm-2 (a) and 2x1015 cm-2 
(b) using different wavelengths for excitation source. The peak frequency and the FWHM 
of Raman signal are plotted in the inserts. The dotted line is the signal of amorphous Si. 
 
 

 
Figure 2. Raman spectra for the samples implanted with B of 2x1015 cm-2 and annealed at 
1025oC for 10 sec in N2 atmosphere using different excitation wavelengths at 457.9 nm 
(a), 363.8 nm (b) and 266.0 nm (c).  
 

Figure 2 (a), (b) and (c) show Raman spectra for the samples implanted with B of 
2x1015 cm-2 and annealed at 1025oC for 10 sec in an N2 atmosphere using different exci-
tation wavelengths. For comparison, Fig. 2 (a), (b) and (c) include Raman spectra for as-
implanted samples.  Significant change was not observed in Fig. 2 (a), because the sig-
nals are dominated by the deeper regions of the Si wafers by using the visible laser at 
457.9 nm. On the other side, in Fig. 2 (c), the broad signal related to the amorphous Si 
decreases in intensity by the thermal annealing, suggesting that the crystallinity of the 
surface region was improved by the recrystallization of amorphous Si. Furthermore, Ra-
man spectra were drastically changed by excitation at 364.8 nm as shown in Fig. 2 (b). 



The peak was considerably shifted to the lower frequency side and drastically broadened. 
But retaining symmetry, showing that the Si host lattice loses the lattice periodicity and 
remains under tensile stress. Figure 3 shows the local vibrational mode related to B using 
363.8 nm excitation, showing increased intensity following thermal annealing. This indi-
cates that B density at 10 nm depth increased by the thermal annealing. These results 
show that implanted B, which peaks at a depth of 20 nm, was defused from 20 nm in 
depth to 10 nm by the thermal annealing.  
 

 
Figure 3. Local vibrational modes related to B for the samples implanted with B of 
2x1015 cm-2 and annealed at 1025oC for 10 sec in N2 atmosphere.  
 
 

 
Figure 4. Raman spectra for the samples annealed at 1025oC for 10 seconds in N2 or N2 
and O2 mixed gas atmosphere using different excitation wavelength at 266.0 nm (a) and 
363.8 nm (b).  
 

Then, the samples were annealed at 1025oC for 10 sec in N2 and O2 mixed gas atmos-
phere. Raman spectra using 266.0 nm and 363.8 nm for an excitation are shown in Figs. 4 
(a) and (b), respectively. For comparison, Figs. 4 (a) and (b) include the Raman spectrum 
for the samples annealed in N2 atmosphere. In Fig. 4 (a), the peak was slightly shifted to 
the higher frequency side and the FWHM of Raman signal decreased by the thermal an-
nealing in an N2 and O2 mixed gas atmosphere. Furthermore, as shown in Fig. 4 (b), simi-



lar behaviors were also observed using 363.8 nm for excitation, showing that B density at 
a depth of 10 nm decreased compared with the sample annealed in an N2 atmosphere. The 
broad signal related to the amorphous Si decreased in intensity as shown in Fig. 4 (a). 
These results indicate that the recrystallization of surface amorphous Si promoted while 
the diffusion of implanted B was suppressed using N2 and O2 mixed gas as an annealing 
atmosphere. 

Finally, the samples implanted with B of 2x1015 cm-2 were annealed at various tem-
peratures for 40 sec in N2 and O2 mixed gas atmosphere. The annealing temperature was 
varied in the range of 1005oC to 1045oC. Figure 5 (a) and (b) show the peak frequency 
and the FWHM of Raman signals using 363.8 nm and 457.9 nm for an excitation, respec-
tively. In both cases, it was observed that the peak shifts to the lower frequency side and 
the FWHM of the Raman signal broadens with increase in annealing temperature, indi-
cating that implanted B was more diffused in both directions from the implanted depth 
with increase in annealing temperature. Furthermore, Fig. 6 (a) shows the peak frequency 
and the FWHM of Raman signals using 266.0 nm for excitation. With increase in anneal-
ing temperature up to 1025oC, the peak shifted slightly to the lower frequency side and 
the FWHM increased monotonically. As shown in Fig. 4 (a), however, the peak shifts to 
the higher frequency side and the FWHM of Raman signal decreased by thermal anneal-
ing due to the recrystallization of amorphous Si at the surface. One might expect to en-
hance these features with increase in annealing temperature, but, the result shown in Fig. 
6(a) indicates the opposite results. This contradictory finding may be caused by different 
annealing time. With increase in annealing time, although the diffusion of B was sup-
pressed more using N2 and O2 mixed gas, implanted B diffused to the surface by thermal 
annealing for 40 sec. In fact, the peak shift and the broadening shown in Fig. 6(a) may be 
caused by this. These behaviors were also observed for the sample annealed in N2 atmos-
phere as shown in Fig. 6(b). On the other hand, for the samples annealed above 1025oC, it 
was observed that the peak shifts to the higher frequency side and the FWHM of Raman 
signal decreased with increase in annealing temperature in Fig. 6(a) and (b). Here, recall-
ing that implanted B was diffused enough to the surface with annealing below 1025 oC, 
these features suggest the decrease in B density at the surface. In fact, a thin layer with 
low B density is formed at the top surface by the evaporation of B from the Si wafer.  
 

 
 
Figure 5. The dependence of the peak frequency and the FWHM of Raman signal on 
annealing temperature using different excitation wavelength at 363.8 nm (a) and 457.9 
nm (b). The samples were annealed for 40 sec in N2 and O2 mixed gas atmosphere. 



 
Figure 6. The dependence of the peak frequency and the FWHM of Raman signal on 
annealing temperature using 266.0 nm for excitation. The samples were annealed for 40 
sec in N2 and O2 mixed gas (a) or N2 gas (b) as an annealing atmosphere.  
 
 

Summary 
 

Ultra-shallow B-implanted Si wafers were investigated by Raman scattering using 
UV and visible lasers for excitation. Variation of crystallinity and impurity diffusion with 
depth were analyzed by selecting the wavelength of the excitation laser, and the 
annealing effects were also investigated by changing the annealing temperature, time and 
environment.  

The crystallinity of the samples deteriorated with increase in B implantation level. 
The crystallinity of the top surface region was seriously deteriorated and amorphous Si 
was observed at the top surface region. By the thermal annealing, the surface amorphous 
Si was recrystallized, and the implanted B, with density peaks at the depth of 20 nm was 
diffused to the depth of 10 nm from the surface. Furthermore, it was observed that the 
recrystallization of surface amorphous Si was promoted and the diffusion of implanted B 
was suppressed using N2 and O2 mixed gas as an anneal atmosphere. Finally, it was 
confirmed that the implanted B was diffused enough to the top surface with increase in 
annealing temperature. However, a thin layer with low B density was observed at the 
surface for the samples annealed above 1025oC, suggesting the evaporation of B from the 
Si wafer at the surface region. 
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