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Ultraviolet (UV) Raman scattering spectroscopy pileg new insight into the recrystallization
process versus depth inthe ultra-shallow ion-imigde layer not provided by conventional
characterization techniques. The recrystallizapoocess in ultra-shallow B-implanted layers on
silicon was characterized by Raman scattering spsmtpy under UV excitation. To recrystallize
damaged layers after ion implantation, rapid anngaprocesses were carried out in both a
millisecond flash annealing system and a spike @imgesystem. The effectiveness of this anneal
is compared to Raman evaluation of non-USJ, B-imtplh layers with hundred nanometer scale
depth thoroughly annealed in a near isothermalwadit chamber. By making use of the shallow
penetration depth of UV light in silicon, we carstifiguish Raman signals of single-crystalline,
deficiently recrystallized, as well as amorpholis@n. Although, a clear, single crystalline lagtic
image was observed by transmission electron mioms¢TEM), the UV-Raman spectroscopy
also sensitively detected deterioration of thadattbut in nondestructive testing.
INTRODUCTION Ultraviolet (UV) Raman scattering spectroscopy
provides new insight into the recrystallization
Ultra-shallow junction formation is a key issue depth inthe ultra-shallow

process versus

with the shrinkage in device dimensions. Effective

electrical activation of a dopant, without
significant diffusion, is definitely required fohe
very thin ion-implanted layer. The effects of
annealing are usually examined in terms of sheet
resistances measured by a four-point probe and
depth profiles of dopants. Understanding the
material properties for an ultra-thin layer with a
thickness less than a few tens of nanometers is
essential to engineering development of the

ultra-shallow junction.

ion-implanted layer not provided by conventional
characterization techniques. The Raman signal
related to recrystallization of the shallow regisn
acquired from several nanometers to a few
hundred nanometers below the surface by making
use of the specific penetration depth in silicon of
specific wavelengths of UV light.

In this report, the recrystallization process in a
low-energy boron-implanted layer by annealing
was characterized by means of non-destructive

Raman scattering spectroscopy with UV excitation.



For recrystallization, annealing was carried out in
both a novel, millisecond flash anneal system [1]
and a conventional tungsten halogen lamp-based
“spike” anneal system [2]. The results are analyzed
for diffusion characteristics by secondary ion mass
spectroscopy (SIMS). Transmission electron
microscopy (TEM) and four point probe sheet
resistance measurements are made to characterize
crystal quality and degree of activation.

Results are further compared with data from
with hundred

nanometer scale depth, formed in minute-scale

B-implanted layers several

anneal in a near-isothermal hot-wall chamber.
SAMPLE PREPARATION

"B* jons were implanted into 300-mm-diameter
Si(100) wafers with dose levels of 1Xt@m? to
form ultra-shallow junctions. The implantation
energy was set at 1 keV. Prior to* Hon
implantation, germanium ions were implanted for
pre-amorphization with implantation energy of 5
keV and a dose level of 1x10cm? Implanted
wafers were annealed using either a conventional
tungsten halogen lamp-based “spike” annealing
system [2] or a novel, millisecond flash annealing
system [1, 3].

The flash annealing system consists of arrays of
Xe arc flash lamps and a hot plate for wafer
pre-heating. A bank of capacitors is discharged
through the array of flash lamps producing an
intense flash discharge. The duration of the flash
was controlled to be approximately 1 ms. The
pre-heating temperature was kept at 4B5The
spectrum of the light emitted from the flash lamp

shows a maximum intensity at a wavelength

between 0.3 and 04m that is much shorter than
the absorption edge of Si. Light absorption in a
shallow region with a millisecond-scale flash
duration makes selective surface heating possible
without critically heating the bulk Si. Since it is
very difficult to measure the wafer’s transient
surface temperature, the input power to the system,
denoted by “flash power”, was used as a process
parameter in this work. A flash power of 100%
corresponds to approximately 0.5 MJ. For
reference, Si wafers implanted with a dose level of
3x10"° cmi® at an implantation energy of 5 keV
were annealed with minute-scale durations (240 or

360 sec) at either 1080 or 1106C.
CHARACTERIZATION TECHNIQUES

The Raman spectra of the implanted sample’s
surface were measured at room temperature before
and after flash anneal using a Raman microscope
in the backscattering geometry mode. A 514.5 nm
Ar* laser, a 363.8 nm Arlaser and the fourth
harmonic (266.0 nm) of a Nd:YAG laser were
used as excitation light sources. In Raman
spectroscopy, since both the incident light and
Raman signal are attenuated in the sample, half the
value of the inverse of the absorption coefficient
generally considered to be the penetration depth
(L ). Based on absorption coefficients of 2.03%10
9.95x10 and 1.47x16 cm® for Si at the
wavelengths of 266.0, 363.8 and 514.5 nm,
respectively, the values df, are estimated to be
~2.5, ~5 and ~300 nm, respectively for these
While the

absorption coefficient of single-crystalline Si is

radiation wavelengths. optical

well-established, deterioration of the crystal



structure with poly-crystallization and
amorphization sometimes causes widening of its
bandgap. Hence, ultra-shallow regions
corresponding ta., of 2.5~5 and 5~10 nm were
considered to be probed by Raman spectroscopy
light with

nm and 363.8 nm,

under excitation by ultraviolet
wavelengths of 266.0
respectively.

The B depth profile was measured by SIMS.
Cross-sectional TEM observation was performed
using a JEOL JEM-2010SP electron microscope
with an accelerating voltage of 200 kV. The
specimens for the TEM observation were cut from
the same sample as was used for the UV Raman

spectroscopy.
RESULTS AND DISCUSSIONS

Figure 1(a) shows the depth profile of boron in
the ultra-shallow implanted samples before and
after flash anneal. The reference B depth, defined
as the depth at which the B concentration is %10
cm?, was measured to be approximately 20 nm for
as-implanted samples before the flash anneal. A
slight diffusion of B atoms into the bulk region
(several nanometers) was observed after anneal
with 100% flash power. The sheet resistance
measured, using a four-point probe, was evaluated
to be ~100W'sq., indicating dopant activation
without significant dopant diffusion.

Figure 1(b) shows the depth profile of B atoms
in the samples implanted at 5 keV before and after
minute-scale anneal. The reference B depth was
measured to be approximately 100 nm before
anneal. After anneal, B atoms diffused to a depth
of 400-600 nm.

Figures 2 (a)-(c) show cross-sectional TEM
images of as-implanted, 80% power, and 100%
power flash-annealed samples, together with the
estimated. , for the UV Raman spectroscopy. On
the as- implanted sample, the amorphous layer was
observed to have a thickness of 14 nm. After flash
anneal, the amorphous layer is recrystallized with
clear lattice image of Si, as shown in Fig. 2 (i)l a
(c).

At the depth of 14 nm from the surface, the
inhomogeneous pattern, indicated by a white arrow
in Fig. 2(b), is observed for the 80% annealed
sample. In SIMS data (Fig. 1(a)), the depth of B
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Fig. 1 Boron depth profiles of B-implanted
samples before and after (a) flash anneal and
(b) minute-scale anneal. Crossbars above the
figures indicate the penetration depth/gf

in Raman scattering spectroscopy under

excitation at various wavelengths.



atoms for the 80% annealed sample shows a
shoulder at the depth of 16 nm from the surface,
indicating slight segregation of B atoms. By taking
into account that the depth in SIMS measurement
includes the thickness of the surface native oxide
(~2 nm), the observed depth of 14 nm in TEM
correlates to the depth of 16 nm in SIMS. Thus, the
segregation is probably caused by the lattice
deterioration detected as an inhomogeneous
pattern in the TEM observation.

After 100% anneal, as shown in Fig. 2c, a
reasonably clear TEM lattice image was observed
without noticeable inhomogeneity. Under TEM
observation, implanted samples, after either spike
anneal or minute-scale, also showed clear lattice
images, similar to Fig. 2 (c). In terms of the TEM
image, the implanted layer in this report is
considered to be sufficiently recrystallized after

anneal.

Figure 3 shows the Raman spectra of the
B-implanted sample annealed with 100% flash
power. Under the excitation at a wavelength of
5145 nm, no difference is observed for the
principal Raman peak at 520 ¢nbetween the
implanted sample and bulk Si. The Raman signal
from the single-crystalline region beneath the
implanted layer obscures the signal from the
implanted layer due to the deep penetration depth
of the light at wavelengths of 514.5 nm. With the
excitation at a wavelength of 363.8 nm, the
detection region corresponds fg, of 5~10 nm,
and the Raman spectrum becomes a mixture of
recrystallized Si (partially recrystallized Si) %10
The

deficiently recrystallized phase dominates under

cm?, and a signal of single-crystalline Si.

the 266.0 nm excitation allowing detection of a

region corresponding to L, of 25-5

nm.

Fig. 2. Cross-sectional TEM images of B-implantaimple before and after flash anneal: (a)

as-implanted, (b) 80% flash power, and (c) 100%hflaower. Vertical bars on the right of the figures

indicate the penetration depth, in Raman scattering spectroscopy under excitadito#66.0 and

363.8 nm.



Fig. 3. Raman spectra of B-implanted
sample flash-annealed at 100% power with
excitation at wavelengths of 266.0, 363.8
and 514.5 nm.

Figure 4 shows Raman spectra of ultra-shallow
B-implanted sample before and after flash anneal
or spike anneal. The Raman spectra under 266.0
nm excitation indicated that the amorphous phase
dominates in a very shallow region corresponding
to L, of 2.5~5 nm for the as-implanted sample (Fig.
4(a)). The broad spectrum is caused by a lack of
coherent phonon propagation. After flash anneal,
the deficiently recrystallized phase was detected a
a wavenumber of 510 ¢h (corresponding to
approximately 300 nm), but the single-crystalline
phase was not observed at 520"cio difference
is observed for the deficiently recrystallized Si
peak regardless of flash power. Since the UV
Raman spectroscopy under 266.0 nm excitation
probes only the recrystallized layer, based on the
discussion regarding the penetration depth of the
excitation light, the recrystallization processnfro
amorphous to deficiently recrystallized phase is
saturated in the recrystallized layer. In the aafse

spike anneal, the deficiently recrystallized phase
was also observed.

For Raman spectroscopy with 363.8 nm
excitation, the observed region correspondg o
of 2.5~5 nm (Fig. 4 (b)), and only the Raman peak
due to single crystalline Siis observed at 520'.cm
The observed single crystalline peak is originated
from the single crystalline region beneath the
amorphous layer, based on the discussion
regarding the penetration depth of the excitation
light.

The signal intensity of the deficiently
recrystallized phase increased with an increase in
the flash power as shown in Fig. 4 (b). From TEM
observation, in the 80% power flash annealed
sample, the inhomogeneous pattern is again
observed at the interface between the recrystdllize
layer and the single-crystalline region. The patter
dissipates in the 100%-annealled sample (Fig. 2).
This

presumably causes the increase in the signal

improvement in  crystalline quality
intensity of the deficiently recrystallized phase f
the 100%-annealed sample.

The spike annealed sample shows a broad
spectrum, ascribed to the deficiently recrystatlize
Si, but the single-crystalline phase is not obsérve
at 520 cnit (Fig. 4 (b)). This may be caused by the
possibility of a deeper interface between the
recrystallized layer and the single-crystalline
region for the spike-annealed sample than that of

the flash annealed sample.
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Fig. 4. Comparison Raman spectra of
B-implanted sample before after flash anneal
or spike anneal measured at excitation wave-
lengths of (a) 266.0 and (b) 363.8 nm.

Figure 5 shows the Raman spectra of (non-USJ)
ion-implanted layers after minute-scale anneal (4-6
min) at temperatures of 10%D or 1100C. The
excitation wavelength was set at 266.0 nm. The
sample annealed at 10D for 240 sec shows
asymmetrical shape skewed to a longer
wavenumber with a peak shift to a longer
wavenumber. The peak shift and asymmetrical
broadening of the Raman spectrum is the same as
in the ultra-shallow junction shown in Fig. 4. &rc
be concluded that a deficiently recrystallized ghas
which cannot be detected in the lattice image in

TEM observation, is clearly observed by the

Raman measurements, even for the minute-scale
annealed sample (10%D, 240 sec).

By increasing the anneal temperature to 2C00
and/or duration to 360 sec, the Raman spectra are
becoming symmetric, indicating removal of the
deficiently recrystallized region in the implanted
layer. The sample annealed at 1%D@or 360 sec
shows almost the same spectral shape as the Si
reference. For samples having fairly symmetrical
spectra, such as the samples anneal at’ClQbe
observed peak shift in Fig. 5 is probably caused by

a strain in the annealed implanted layer.
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It is reported that the Raman peak shifts to a
lower frequency, together with broadening of
Raman peak, due to reduction in the size of the
[4]. The
relationship shift and
full-width-at-half-maximum (FWHM) has been

defect-free  crystalline  structure

between peak
theoretically studied, and the comparison between
theory and experiments has been made [4]. Figure
6 summarizes the relationship between peak shift
and FWHM in UV Raman spectroscopy under

266.0 nm for

excitation at flash-annealed,

spike-annealed and minute-scale annealed samples.

Symbols (+) indicates the peak shift and FWHM
for Si nano-particles [5]. The value beside the
symbol (+) indicates the particle size evaluated by
X-ray diffraction measurement.

By taking into account the peak shift (9 &m
and FWHM (30 cril), the average grain size of
defect-free crystalline structures (individual gsgi
is estimated to be several nm for the flash-anneal
sample. Beyond the

range of several nm,

long-distance order is disturbed by defects
resulting in the intercept of phonon propagation.

The grain size of the spike anneal sample is
presumably larger than that of flash anneal sample.
It is noted that the peak shift and FWHM, even for
some minute-scale annealed samples (I0p@an
be explained as reduction in the size of the
defect-free crystalline structure.

Depth profiles of resistivity were also measured
for the ™B*-implanetd sample by SRP [6]. The
electrically active carrier concentration was
estimated to be far less than a few percent oBthe
concentration near the wafer surface. Since the
inefficient activation of the B atoms was also

observed for the reference specimen annealed by

both a conventional tungsten halogen lamp-based
“spike” RTA system [2] and another type of RTA
system [7], the electrical activation is estimated

be far less than a few percent, independent of the
The
observed by UV Raman spectroscopy probably

annealing method. lattice deterioration

relates to the crystal imperfections, such as
three-fold-coordinated Si and interstitials, which
causes the insufficient activation of B atoms ia th

recrystallized layer.

Fig. 6. Relationship between peak shift
and FWHM in Raman spectroscopy with
an excitation at 266.0 nm. Symbol (+)
the for Si

nano-particles, and the value beside the

denotes relationship

symbol (+) indicates the particle size.



SUMMARY

An intense Raman peak ascribed to
deficiently recrystallized silicon, was detected
from the recrystallized layer for which a
single-crystalline lattice image was observed using
invasive TEM. The lattice deterioration observed
by Raman spectroscopy is presumably correlated
with the insufficient activation of B atoms in the
recrystallized layer evaluated by using the
combination of SIMS and spreading resistance
profiles. UV Raman spectroscopy is a powerful
tool for understanding the recrystallization praces
in an ultra-thin layer with a thickness of lessrttza
few tens of nanometers, and to engineer
development of the ultra-shallow junction. The
non-invasive nature of UV Raman spectroscopy
makes it a candidate for process monitoring and
for possible application as an in-line process

characterization tool for yield management.
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