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Laser annealing and microwave (MW) annealing are rapid annealing techniques that can be used
for postannealing of ion implanted semiconductors. In this study, laser annealing and MW
annealing of As’ implanted Si are compared in terms of dopant activation, energy absorption,
recrystallization, and dopant diffusion. Laser annealing caused similar recrystallization and a
slightly higher dopant activation than MW annealing did, at the same time, the energy density
absorbed during laser annealing is ~1/7 lower than during MW annealing, due to surface heating.
Rapid dopant activation and negligible dopant diffusion were achieved in the MW annealed
sample. This indicates that MW annealing is a promising method for annealing ion implanted
source, drain, and channel regions for shallow-junction transistor fabrication. On the other hand,
laser annealing results in significant but uniform dopant diffusion, and therefore, laser annealing
appears to be beneficial for quickly forming deep wells with uniform dopant concentrations for

small scale wafer. © 2016 American Vacuum Society. [http://dx.doi.org/10.1116/1.4972051]

I. INTRODUCTION

Metal-oxide-semiconductor field-effect transistors
(MOSFETs) are indispensable as electronic devices. During
the fabrication of MOSFETSs, dopants including As™, BT,
and P are incorporated into Si wafers to alter the resistivity
of the wafer surface and to define active regions of
devices.'™ Dopants are incorporated by diffusion or ion
implantation, with ion implantation being the more common
method. Ton implantation is performed by accelerating ion-
ized dopants to energies of 30—100keV, and then implanting
them into the wafer.* During the implantation, these high
energy ions bombard the atoms on the wafer lattice and dis-
order those atoms that are near the wafer surface.* As a
result, lots of vacancies and interstitials are created, and an
amorphous layer is formed in the vicinity of the wafer sur-
face.* To recrystallize the amorphous layer, and to incorpo-
rate the dopant atoms into substitutional sites of the lattice,
the wafer needs to be annealed at an elevated temperature.

The most commonly used annealing method is rapid ther-
mal annealing (RTA). Some alternatives to RTA are emerg-
ing, such as laser annealing and microwave (MW)
annealing.”™® With RTA, the entire silicon wafer is heated to
the annealing temperature.>® This can cause excessive dop-
ant diffusion. In contrast, due to silicon’s high optical
absorptivity in the visible and near-IR regimes, laser
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annealing can target just the amorphous region.'® This mini-
mizes the thermal budget needed for the annealing process.
In addition, laser annealing can provide a higher degree of
dopant activation than RTA, by overcoming the solid solu-
bility limits for the dopant ions.'' Microwave annealing also
reduces the thermal budget with respect to RTA because
dopant activation can be accomplished at a lower annealing
temperature.'> However, microwave annealing is still lim-
ited by the solid solubility limits for the dopant ions.

In this study, As™ implanted Si wafers are annealed
by susceptor-assisted microwave and laser annealing. The
dopant activation is estimated by measuring the sheet
resistance of annealed samples via four-point probe analy-
sis. The extents of recrystallization of the amorphous
layers during MW and laser annealing are assessed by ion
channeling and Rutherford backscattering spectrometry
(RBS). The dopant distributions before and after annealing
are studied by secondary ion mass spectrometry (SIMS).
Laser annealing shows advantages for dopant activation.
The two techniques show the same performance with
respect to recrystallization. The dopant depth profiles
achieved by MW annealing and laser annealing have dif-
ferent characteristics that make them suitable for different
applications. Laser annealing appears to be beneficial for
annealing n-wells and p-wells for complementary metal-
oxide semiconductor (CMOS) devices. Susceptor-assisted
MW annealing is good for annealing source and drain
regions in MOSFETs.
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Il. EXPERIMENT

Arsenic ions were implanted into (001) orientated Si
wafers that are p-type boron doped. The implantation was
performed with an energy of 180keV and doses of 1 x 10"
and 4 x 10"”cm ™2 To minimize ion channeling during
implantation, the wafers were titled at 7° off the incident
beam.

MW annealing of the As™ implanted Si was conducted in a
2.8 x 10* cm® cavity MW oven with a 1200 W magnetron
source, and using a single frequency of 2.45 GHz. Implanted
Si samples were mounted on a SiC susceptor. SiC can effi-
ciently convert the MW energy into heat, and rise to a rela-
tively high temperature, due to its high dielectric loss and
strong absorption efficiency for MWs.” As a result, the ion-
implanted silicon samples on the susceptor were heated by
conductive heating from the susceptor.”'?> Raytek Compact
MID series pyrometers (measurable range of 200-1000 °C)
were used to monitor the in situ sample surface temperature as
a function of time. The anneal time varied from 20 to 100s,
and the corresponding temperature ranged from 449 to 815 °C.

The laser annealing was performed on a Universal Laser
Systems PLS6MW with a 1.06 um wavelength fiber laser.
The fiber laser had an average output power of 40 W. For the
laser annealing experiments, the laser power was modulated
from 65% (26 W) to 85% (34W). The laser beam was
focused to a circular spot with a size of 25 um. The beam
was rastered across the ion implanted silicon sample at a
speed of 30 cm/s, and at a frequency of 500 kHz.

The extent of dopant activation was estimated by measur-
ing the sheet resistance (R,) of each sample. The measure-
ments were conducted using a four-point probe system
equipped with a 100 mA Keithley 2700 digital multimeter.

The presence of implantation damage in as-implanted Si
and the extent of recrystallization in annealed As™ implanted
Si samples were studied by ion channeling based on RBS.
Since the As* implanted samples are prepared from (001)
oriented Si wafers, a 2MeV He" ion beam was aligned
along the sample’s [001] channeling direction. A channeling
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spectrum was then obtained by tilting the sample to 5° from
the normal and rotating the sample in the azimuth until the
yield reached a minimum.

Diffusion of dopants was investigated by comparing
depth profiles of arsenic ions before and after the samples
were MW or laser annealed. The depth profiles were
obtained by SIMS. The primary ion used for SIMS was Cs™*,
and secondary 30 Si* and 75 As™ ion signals were alterna-
tively collected as a function of sputtering time. The depth
was calibrated by measuring the crater depth, and the con-
centration was calibrated by equating the area under the pro-
file to the dose of arsenic ions. Using this method, the ion
signal as a function of time was converted to an As™ concen-
tration as a function of depth. The depth values were corrob-
orated using RBS analysis.

lll. RESULTS AND DISCUSSION

The output power was varied for the laser anneals, while
the annealing time was varied for the MW anneals. For a
side by side comparison, the absorbed energy density was
calculated for both laser and MW annealing. The resulting
sheet resistances of laser annealed and MW annealed sam-
ples are compared as a function of absorbed energy density,
in Fig. 1. The results show that the laser annealing achieves
a similar or even lower sheet resistance while using only
~1/7 of the energy density that is required for the MW
annealing. With laser annealing, the sheet resistance of the
annealed sample drops abruptly as the energy density is
increased. In contrast, once the energy density in the MW
annealing is above a threshold, the sheet resistance of the
MW annealed samples begins to drop dramatically to a cer-
tain level, and then decreases slowly as the energy density
increases. Based on the above comparison, laser annealing
shows great advantage over MW annealing for dopant acti-
vation, since it enables higher levels of dopant activation at a
lower energy density.

The high extent of dopant activation, achieved at a lower
energy density in laser annealing, is due to surface heating
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FiG. 1. (Color online) Sheet resistance of As* implanted Si after laser annealing with various powers and MW annealing with various times (a) 1 x 10'> As™

cm 2 implanted Si and (b) 4 x 10" As* cm ™2 implanted Si.

J. Vac. Sci. Technol. B, Vol. 35, No. 1, Jan/Feb 2017

RIGHTSE LI MN iy



011202-3 Zhao et al.: Comparison of scanning laser annealing

during laser annealing. The amorphous Si has a larger
absorption coefficient « (10*cm™') at a wavelength of
1.06 um (laser wavelength used in this study).'" As a result,
most of the laser energy is absorbed in the thin amorphous
layer as opposed to the crystalline substrate. This causes the
Si surface to melt. According to stopping and range of ions
in matter simulation, the thickness of the amorphous layer is
about 0.24 ym (2R,,).14 Once the laser beam penetrates down
to the crystalline Si substrate, the energy density is diluted
due to the relative small absorption coefficient o (50cm ")
of crystalline Si. The energy absorbed per unit volume (in
Joules per cubic centimeter) as a function of sample depth
(z) during laser annealing can be calculated by’

®(z) = Io[(1 — R)/d]e "/, (1)

where the I is the output/incident energy density of the laser
(in Joules per square centimeter), R is the reflectance of Si at
the laser wavelength (1.06 um) and d is the absorption depth,
which is the reciprocal of the absorption coefficient o.
According to Eq. (1), the absorption depth d could be calcu-
lated from the reciprocal of the absorption coefficient, as 1
and 200 ym for amorphous silicon and crystalline silicon,
respectively.11 Note that the absorption depth here denotes a
penetration depth at which the magnitude of the laser beam
has decayed to /e of its surface value. Compared to the
absorption depth, the 0.24 um thickness of the amorphous
silicon layer is relative small. Therefore, a ®(z) plot with a
near-linear shape was observed rather than an exponential
function. This calculated result for the absorbed energy
density per unit volume across the sample depth z during
laser annealing is shown as the solid black curve in Fig. 2.
The energy absorbed per unit volume by the amorphous
layer is almost 3 orders of magnitude greater than that
absorbed by the crystalline layer.

MW annealing results in volumetric heating.'® Instead of
being mainly absorbed by the amorphous layer, the energy
will be absorbed uniformly across the entire Si sample.
Therefore, the energy absorbed per unit volume becomes
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FiG. 2. (Color online) Calculated absorbed energy per unit volume during
laser annealing and MW annealing.
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lower (compared to laser annealing) because it is uniformly
distributed across the 625 um thick Si sample. Figure 2 com-
pares the energy absorbed per unit volume as a function of
sample depth for laser annealing and MW annealing. The
energy distributions across the sample during laser annealing
and MW annealing are quite different. Due to the different
energy distributions, laser annealing causes liquid phase
growth,'"'® while MW annealing provides solid phase
regrowth. These different regrowth processes result in different
dopant activation processes. As a consequence, the laser
annealing is more efficient in terms of dopant activation.

The annealing process involves not only dopant activation
but also the recrystallization of the amorphous layer at the
surface. Ion channeling can be used to determine the levels
of recrystallization that result from the MW and laser anneal-
ing processes.'” The crystalline material typically results in
a low yield of backscattering ions during ion channeling.
However, the amorphous material has a high yield of back-
scattering ions because of the disordered atoms in the
layer.17 Moreover, defects in the material cause dechannel-
ing of the incident ions, and this then leads to an increased
yield of backscattering ions.'” Figure 3 compares the [001]
ion channeling spectra of As™ implanted Si before and after
laser annealing.

In Fig. 3, the dramatic decrease of the backscattering ion
yield after laser annealing indicates that the amorphous
layers are recrystallized during laser annealing. The As*
peak also drops after laser annealing. This is because the
majority of the As™ ions move from interstitial positions to
substitutional positions in the lattice, after annealing. As a
result, the probability of the incident ions being backscat-
tered from interstitial As' ions is reduced, leading to a
reduced yield of backscattering ions for the annealed sam-
ples. A slightly higher backscattering ion yield is seen, in the
low energy region, for the 75% power laser annealed sample.
This might be due to the presence of interstitial point defects
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Fic. 3. (Color online) RBS ion channeling spectra in the [001] direction
from 1 x 10" As™ cm ™2 implanted Si samples: as-implanted sample (black
solid line), 75% power laser annealed sample (blue dashed—dotted line), and
85% power laser annealed sample (red dashed line).
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in the sample.'” Such interstitial point defects might result
from inadequate crystal regrowth, since the 75% power laser
yields a lower annealing temperature locally, compared to
the 85% power laser. This would result in a correspondingly
slower mass transportation. These point defects can cause
dechanneling of the channeling ions and thereby increase
their chance of being backscattered, leading to an increased
ion backscattering yield in the low energy region of the
spe(:trum.17

Figure 4 compares the ion channeling spectra of 100s MW
annealed and 85% power laser annealed samples. The black
line is the backscattering ion yield from an as-implanted sam-
ple. After MW and laser annealing, the backscattering ion
yield drops. The ion channeling yields immediately after the
first surface peak indicate the crystallinity of each sample. In
Fig. 4(a), the yields after the two first surface peaks are the
same, indicating that the same crystallinity is present, regard-
less of their extent of dopant activation.

Figure 4(b) shows the yields of the ions that are backscat-
tered from interstitial As*. These provide a good estimation
of dopant activation. The yield of the As™ peak from the 85%
power laser annealed sample is slightly lower than that of the
100s MW annealed sample. This indicates that there is a
slightly lower amount of interstitial As* ions and a higher
extent of dopant activation in the 85% power laser annealed
sample. This fact is supported by the lower sheet resistance
of the 85% power laser annealed sample in Fig. 1(a). The
85% power laser annealed sample has a 10% lower sheet
resistance than the 100 s MW annealed sample (Fig. 1(a)).

Dopant atoms will typically diffuse under heat treatment.
Both the laser and the MW anneals result in heating of the
implanted layers. In this study, dopant diffusion is assessed
by measuring the depth profiles of As™ before and after laser
and MW annealing via SIMS analysis. Figure 5 shows the
depth profiles for the as-implanted, laser annealed, and
microwave annealed samples. The profiles show that the
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laser annealing results in significant dopant diffusion, and
that increased power enhances the diffusion. This is due to
liquid phase epitaxy in laser annealing.'' A large portion of
the laser energy is absorbed at and near the Si surface as
shown in Fig. 2. This high energy input per unit volume of
pulsed laser annealing melts the Si surface layer.'"'® After a
typical irradiation of 2 x 10~ %s, the surface recrystallizes
quickly at the liquid—solid interface.'! In the melted layer,
the mobility of the dopants is much larger than that in the
solid phase. Therefore, dopants are more likely to diffuse
and redistribute toward low concentration regions. As a
result, the As™ concentration in the 75% and 85% power
laser annealed samples are quite uniform within 200 and
600 nm (from the surface), respectively. The characteristics
of such depth profiles are quite suitable for ion implanted
n-wells in CMOS technology.

In conventional CMOS processing, n-well and p-well
regions are formed by implanting dopants to define the well
region first. Then, the ion implanted wafers are annealed in a
drive-in furnace to enable diffusion. To control the diffusion
depth, and to obtain a uniform distribution of dopants, and to
obtain a well depth of 2—3 um, the thermal cycle is typically
4-6h at 1000-1100°C.> In contrast, we find that laser
annealing can achieve a uniform and deep dopant profile in a
much shorter time through liquid phase regrowth. In addi-
tion, the diffusion depth that results from laser annealing can
be controlled by adjusting the energy output and the wave-
length of the laser.'® However, the energy density distribu-
tion in our pulsed laser beam itself is Gaussian. Rastering of
the pulsed laser beam across the sample results in slightly
nonuniform energy distribution. This in turn results in only
7.5%—10% of maximum difference in Rs across the 1 x 1 cm
Si sample. As a result, laser annealing appears to be an effi-
cient alternative to drive-in furnace annealing for n-well and
p-well formation; however, the control of the energy density
uniformity during the laser raster must be improved in order
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FiG. 4. (Color online) RBS ion channeling spectra in a random and in the [001] direction from 1 x 10" Ast em ™2 implanted Si samples. (a) Si signal, (b) mag-
nified arsenic signal: as-implanted sample in the [001] direction (black solid line), 100 s MW annealed sample in the [001] direction (green dashed—dotted
line) and 85% power laser annealed sample in the [001] direction (red dashed line).
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FiG. 5. (Color online) SIMS profile from 1 x 10'® As™ e¢m ™2 implanted Si
samples before annealing (as-implanted), and after MW annealing (60 and
100 s) and laser annealing (75% and 85% power).

to achieve necessary uniformity required for large-scale
manufacturing.

On other hand, there is no measurable dopant diffusion in
the As™ depth profiles of the MW annealed samples in Fig.
5. In addition, the MW annealing achieves the same extent
of dopant activation as laser annealing does. This absence or
minimization of diffusion results from the low temperature
and short duration of the MW annealing. The highest tem-
perature that is reached during the 60 and 100 s MW anneal-
ing is only 706 and 815°C, respectively. These low
temperatures are below the melting point of silicon. This
means that solid-phase regrowth occurs during MW anneal-
ing. During solid-phase regrowth, dopant atoms are only
able to diffuse to nearby atom sites, with the help of lattice
distortion and vibration. This minimizes long range diffu-
sion. As a result, MW annealing is a suitable technique for
annealing ion implanted source, drain, and channel regions
(that require minimized dopant diffusion) for MOSFET
fabrication.

IV. CONCLUSION

Our study shows that laser annealing has advantages for
dopant activation when compared to MW annealing. The
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laser anneal is beneficial for deep well formation with a uni-
form dopant concentration. The relatively high diffusion
depth that is observed for laser annealing can be addressed
by choosing a shorter wavelength laser.'® The shorter wave-
length will have a lower penetration depth into the silicon,
thereby reducing the depth of the surface melting.'® The
minimization of diffusion that is achieved by MW annealing
provides a marked benefit for shallow junction devices.
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