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Abstract--Heat and mass transfer at the nanosecond time scale and the nanometer length scale in pulsed
laser fabrication of ultra-shallow p+-junctions is studied in this work. A new technique is developed to
fabricate the ultra-shallow p÷-junctions with pulsed laser doping of crystalline silicon with a solid spin-onglass (SOG) dopant, through the nanosecond pulsed laser heating, melting, and boron mass diffusion in
the 100 nm thin silicon layer close to the surface. High boron concentration of 1020atoms cc -1 and the
'box-like' junction profile are achieved. The key mechanism determining the 'box-like' junction shape is
found to be the melt-solid interface limited diffusion. The ultra-shallow p+-junctions with the depth from
30 to 400 nm are successfully made by the excimer laser. The optimal laser fluence condition for SOG
doping is found about 0.6-0.8 J cm -2 by studying the ultra-shallow p+-junction boron profiles measured
by the secondary ion mass spectroscopy (SIMS) vs the laser fluence and the pulse number. The onedimensional numerical analysis agrees reasonably with the experiment, within the availablephysical picture.
Possible mechanisms such as boron diffusivity dependence on the dopant concentration in the molten
silicon are proposed. Copyright © 1996 Elsevier Science Ltd.

1. I N T R O D U C T I O N

With today's rapid development in sub-micron electronics, it is becoming increasingly urgent to fabricate
a high concentration ultra-shallow p+-junction for the
source and drain of the PMOS (p-channel metaloxide-semiconductor) transistor [1]. This need presentsLa challenge to current semiconductor doping
technologies such as the furnace diffusion and the
ion implantation. It is difficult to achieve both high
concentration and ultra-shallow junctions by the conventional furnace doping due to the nature of the solid
phase diffusion and the lack of controllability, even
though many efforts have been made towards developing RTP (rapid thermal process) techniques [2]. On
the other hand, by the ion implantation technique that
has been extensively studied and implemented in the
current semiconductor industry, one is still unable to
form high concentration ultra-shallow p+-junctions.
The insurmountable obstacles arise because the
required very low ion implantation energies reach the
limit of the implantation equipment capabilities and
from the greater inherent channeling effect in crystalline silicon for the light ions such as boron [3, 4]. A
modified ion implantation method has been developed
to amorphize the silicon wafer surface first, in order
to reduce the boron channeling in the implantation
process. However, several post-anneals are needed
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and defects are often generated within the junctions,
degrading device performance [5, 6].
To meet the mandatory requirements of both high
doping concentration and ultra-shallow junction
depth for PMOS, it is necessary to explore new techniques. It would be interesting then to seek new techniques that can generate the transformation to the
liquid silicon phase, where the boron diffusivity is
extremely high, thus enabling easier and more precise
control of the diffusion time. The pulsed u.v. excimer
laser as an intensive heating source can provide a new
avenue. With the peak power as high as l0 s W, the
excimer laser light can be strongly absorbed by the
silicon surface within a depth of 10 nm, resulting in a
thin molten silicon layer near the surface. Since the
boron mass diffusivity in liquid silicon is by six orders
of magnitude larger than that in solid silicon, excimer
laser irradiation can confine the diffusion within the
thin molten silicon layer at the nanosecond time scale.
By controlling the laser pulse energy, the thickness
of the thin molten silicon layer can be incrementally
changed from a few nanometers to microns. Therefore, it is possible to precisely control the maximum
diffusion depth. Also the short pulse width of the
excimer laser, which is of the order of 10 ns, provides
a complementary way o f adjusting the diffusion zone
within the molten silicon layer by varying the number
of laser pulses, thereby essentially changing the mass
diffusion time. Meanwhile, the high boron diffusivity
in the thin liquid silicon layer results in a very high
doping concentration in the region. A gas immersion
layer doping process (GILD) has been developed [7],
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in which dopant gas molecules such as BCI3 and PC[~
are dissociated upon the u.v. laser irradiation and
incorporated into the think molten silicon layer. It has
been demonstrated that submicron shallow junctions
can be formed by this gas phase laser doping technique
and good device characteristics have been achieved [8
10]. However, the gas phase immersion laser doping
requires a sophisticated vacuum chamber and mass
flow control systems. Solid-state dopants have been
traditionally used in a furnace diffusion process for
semiconductor device fabrication, because of its simplicity. In this work, a new technique is developed for
fabrication of the ultra-shallow p+-junction by the
excimer laser doping of crystalline silicon with a solid
dopant spin-on-glass (SOG) film. By using solid
dopants in excimer laser doping, not only does the
process itself become simple, but also the laser energy
coupling into the silicon wafer can be enhanced up to
two times due to the thin film interference effect. The
boron dopant profiles in the thin layer near the silicon
surface, which depend on the excimer laser fluence
and the pulse number, are obtained by the secondary
ion mass spectroscopy (SIMS). The rapid transient
heat transfer and mass transfer in the thin molten
silicon layer induced by laser heating are studied, at
the time scale of nanoseconds and the length scale of
nanometers. Numerical simulations are conducted to
compare with the experimental dopant profiles. The
p+-junction depth and sharpness as functions of laser
fluence and pulse number are revealed.
2. EXPERIMENT

The sample structure is shown in Fig. 1. Upon the
excimer laser irradiation, the thin layer near the silicon

Qab
r,
r~
R
1
T
f,
_-

laser intensity absorbed by the
crystalline silicon
reflection coefficient at air-film
interface
reflection coefficient at film-substrate
interface
reflectivity of the sample at
,~ = 248 nm
time
temperature
room temperature
coordinate perpendicular to silicon
surface.

Greek symbols
:~
absorption coefficient
2
laser wavelength
p
mass density.

surface is rapidly heated and melting starts as the
surface reaches the silicon melting temperature of
1685 K. The melting turns on the boron diffusion in
the liquid silicon immediately. After the melting front
reaches the maximum depth, the solidification limits
the boron diffusion process at the solidification front.
The sample is prepared in a clean room environment
at the Microfabrication Laboratory at the University
of California at Berkeley. A 4-in n-type (100) CZ
silicon prime wafer with the resistivity of 5 10 ~-cm
is used for the laser doping experiment. The wafer is
cleaned through the standard process by a Piranha
solution and rinsed in DI water tanks. The native
silicon dioxide on the wafer surface is removed by a
diluted 10:1 HF solution. After 1 h baking at 12WC,
the wafer is coated with the boron doped spin-onglass with dopant concentration 2 x 102~cc ~by spinning the glass solution at 3000 rpm. The sample is
then baked on a hot plate at 250'~C for 2 h to drive
out the residue solvents inside the thin glass film. The
thickness of the dopant glass film is designed as 3000 A
in this experiment to enhance the laser energy coupling
into the silicon at KrF laser wavelength 2 = 248 nm
based on the thin film interference effect. The dopant
film thickness is measured as 3050 A by the Gaertner
L l 16A ellipsometer and the Nanospec interferometer.
A separate dopant film is spun on a quartz wafer and
optical transmission is measured about 95% at 248
nm. Therefore, the film can be treated as transparent.
The thickness uniformity of the thin film dopant glass
is found to be better than ± 5% across the wafer.
The experimental setup for the excimer laser doping
is shown in Fig, 2. A Lumonics Index 200 excimer
laser with the wavelength of 248 nm and pulse width
of 26 ns (FWHM) is used as a heating source to induce
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Fig. 1. Schematic sample structure for the ultra-shallowp+-junction formation by the excimer laser doping
with a solid dopant spin-on-glass.
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Fig. 2. Schematic experimental set-up for the excimer laser doping of the silicon dopant spin-on-glass.
the thin melting layer on the silicon surface. The
pulsed laser beam is delivered through a set of optics
that includes a beam homogenizer, mirrors and transfer lenses. The optical alignment is performed to
ensure the system optimization and the laser spot profile uniformity on the silicon wafer. The laser fluence
on the silicon wafer surface is varied by changing the
excimer laser electrode voltage and by using a set
of laser beam attenuators. The sample is translated

through an X - Y micrometer stage. The laser pulse
energy is monitored by the molectron joulemeter
detecting the 10% laser beam reflected at a beam
splitter, while the 90% transmitted beam is focused
on the sample. The temporal laser intensity profiles
are recorded by a silicon P I N photodiode at a HP
54510A digitizing oscilloscope with nanosecond resolution. The laser fluences studied in this work range
from 0.6 J cm -2 which is close to the silicon melting
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threshold, to 0.9 J cm 2where the surface temperature
of molten silicon layer is still below the oxide dopant
film melting point of 1980 K. Therefore, the oxide
dopant film stays in the solid phase during the silicon
melting process. In order to study the transient thermal and mass diffusion in the thin liquid silicon layer
and optimize the process to achieve the 'box-like" dopant profile in the p+-junction, the laser pulse number
N for each fixed laser fluence is chosen as 1, 5, 10 and
20, respectively. After the laser doping, the dopant
glass layer is etched away at a diluted 10:l HF solution. Several rinses are necessary to ensure that the
silicon surface is free from contaminants.
The boron dopant depth profiles are measured with
the Phi 660 SEM-AUGER-SIMS system with the vacuum of 2 x I0 ~ torr. The sample surl:ace morphology
is examined by the scanning electron microscope
(SEM). A liquid gallium ion beam with a diameter
of 2 ILm is used for sputtering by scanning an area of
50×50 /~m or 100x 100 l~m on the laser doped p+junction region. A quadrupole mass spectrometer
analyzes the sputtered material from the p +-junction
sample and counts the boron ions instantaneously
with the sputtered depth into the sample. Ion gun
alignment is carried out to ensure both the gallium
ion beam and the mass spectrometer are focused at the
same area on the sample. A boron-implanted silicon
reference sample from the Charles Evans Associates
(Redwood City, CA) is used for calibration of the
boron concentration in the p +-junctions fabricated in
this work. The calibration is performed at the same
SIMS (secondary ion mass spectroscopy) operation
conditions such as the magnification and the gallium
ion current [11]. The depth calibration is done by
measuring the sputtered crater depth in the reference
sample at the Tencor Alpha-Step 200 surface profilometer.

3. NUMERICAL S I M U L A T I O N

In order to understand the heat and the mass transfer in the ultra-shallow p ~-junction formation under
the excimer laser irradiation on the silicon wafer with
a thin solid diffusion oxide film, a one-dimensional
numerical analysis is developed to simulate the transient heat and mass diffusion of the boron atoms
across the thin molten silicon layer. The laser energy
intensity absorbed by the silicon, Q~,b, is represented
as a volumetric source term in the energy equation, as
is given by
Q,,b(z,t) =(I-R)l(t)ocexp(-c~z)

(la)

r, ++r2 exp(zi_4n&d2/t2_ ! :
R=[l+r~r2exp(_i4~&d:/)d[
"

(lb)

where R is the reflectivity of the thin SOG film on the
silicon substrate and ~ is the absorption coefficient of
the silicon at laser wavelength 2 = 248 nm. d2 is the
thickness of the film which is 3050 /~. r~ and r: are

reflection coefficients containing refractive indices of
& =(1.5, 0) and ~2 =(3.58, 1.68) for the dopant film
and silicon substrate, respectively. Taking advantage
of the thin film interference effect, the reflectivity from
the sample can be reduced from 0.67 for bare silicon
to 0.56 for the SOG thin film on crystalline silicon
substrate. Therefore, the laser energy coupling into
silicon substrate is increased by 17%. The 100%
enhancement in laser energy coupling into the sample
can be achieved by carefully designed thin film thickness for the devices manufacturing environment. The
distance from the wafer surface into the silicon z is
defined in Fig. I. The laser absorption depth is of the
order of 10 nm and the thermal penetration depth is
about a few microns in solid silicon, while the crosssection of the laser beam is of the order of millimeter.
Thus, the heat transfer in the silicon can be approximated as a one-dimensional conduction problem
described by

Two boundary conditions and an initial condition
are required
T(_-=d~,t)= T,,

?T
~-(:.z=

d2,t)=O,

T ( : , t = O) = T~

(3)

where d~ and d2 are thicknesses of the silicon wafer
and the dopant SOG film, respectively, shown in Fig.
1. T, is the room temperature. The heat conduction
equation, in the enthalpy formulation for the solution
of phase change problems [12, 13], can be written as
~,h(T)

3t

~ /

PT\

~[k(T) ?z)+Q"b"

(4)

where the enthalpy h is a function of temperature,
h = h(T). The enthalpy equation and the associated
BCs and IC are discretized using the Crank Nicolson
formulation incorporating temperature-dependent
material properties. A nonuniform grid system is used
in the computational domain. The maximum grid size
for the possible melting regime was set smaller than
10 ~ m. At each time step, the numerical solution is
iterated upon, with the convergence criterion set as
T,~,,

max

Told l

~ 10 ~0 f o r i = I.N

(5)

r

where the subscript i denotes the grid position, the
superscripts new and old represent the consequent two
iterations. Np indicates the total number of grid points
in the computation domain.
As a first-order approximation, the thermal properties are independent of the concentration and the mass
diffusivity in the molten silicon layer is independent
of the temperature. Therefore, the mass diffusion is
decoupled from the thermal equations. The mass
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diffusion can be solved numerically at each time step
after the temperature field and melt-solid interface
are found. Transient boron mass diffusion in this work
is modeled by the one dimensional Fick's equation

ac _ L (

ac'

at - az~,

az j"

~6)

The boundary conditions and the initial condition
for the mass transport are given by

C(z=O,t)=Co

C(Z=d2, t)=O

C(z,t=O)=O

(7)
where the surface boron concentration Co is chosen as
the experimentally measured value. Since the dopant
concentration is about 2 x 1021 cc-I in SOG film and
the boron solubility in silicon is about order of 1020
cc- ~, the amount of boron diffused into the silicon at
this work does not exceed 5*/o of the total dopant in
the SOG film. Therefore, the surface of the silicon can
be treated as saturated at a constant concentration Co,
which agrees with experimental observations
described in the following section. Boron diffusivity
D is set as a constant 2.3 × 10 -4 cm 2 s -~ in liquid
silicon [14] and zero in solid due to the six orders of
magnitude difference between the mass diffusivities
in the two phases. The thermal properties and mass
diffusivities used in numerical simulation are listed in
Table 1.
4. RESULTS AND DISCUSSION

The morphology of the laser doped p+-junction
region after the removal of thin SOG layer is smooth,
as shown in Fig. 3 by the scanning electron microscopy
(SEM). Smaller scale SEM also shows no surface topography generation. This suggests that the one-dimensional heat and mass transfer approach in both a solid
and molten silicon thin layer is reasonable. The thin
oxide dopant film actually helps to stabilize the molten
surface during the transient melting, while the boron
atoms diffuse into the melt. However, at this point, it is
not clear yet whether the molten silicon solidification
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process is epitaxial for the laser fluences in the range
of 0.6-0.9 J cm -z. The microstructure generated in
the recrystallized junction region plays an important
role in the heat and mass transfer driven by the following pulses, because of the possible changes in the
physical properties of the surface layer [15]. Ultimately, this affects the p+-junction quality.
Boron dopant concentration profiles at a fixed
energy 700 mJ cm-2, are shown in Fig. 4. p+-Junctions
with depth of 70 to 140 nm are successfully fabricated.
The boron concentration as high as 2 × 1020 atoms
cc-1 is obtained, which is about the boron solubility
in crystalline silicon. Such a high doping level is mainly
due to the high boron mass diffusivity in the thin
liquid silicon layer induced by the pulsed laser
irradiation. The diffusion profiles extend further into
the thin molten silicon as the laser pulse number
increases, although the highest concentration is upbound by the boron solubility. It is interesting that,
as the laser pulse number increases, the dopant profile
shape is more 'box-like' rather than the gradual
decrease observed in most diffusion cases. The abrupt
or 'box-like' dopant profiles render the ideal p+-junction properties [8]. The art in the formation of this
'box-like' shape lies on the fact that, as the pulse
number increases, the boron diffusion is limited by the
maximum melting depth determined by the pulsed
laser energy and pulse width. After the boron diffusion
reaches the maximum melting depth, more boron
atoms are piled up and accumulated in the molten
layer instead of crossing the melt-solid interface,
because of the very low boron diffusivity in the solid
silicon. At 20 laser pulses, almost the entire thin
molten layer of 140 nm thickness is saturated with
boron dopant. It is also demonstrated that the p+junction depth can be incrementally changed by varying the laser pulse number at a fixed laser fluence.
Numerical simulation based on a one-dimensional
transient thermal and mass diffusion model predicts
similar p+-junction profiles. Both the experimental
and numerical dopant profiles at larger pulse numbers
coincide to a certain depth of about 140 nm, which
is found through computation to be the maximum

Table 1. Thermal properties and mass diffusivities used in numerical simulation of ultrashallow
p÷-junction formation
Melting temperature [K]
Density [kg m 3]
Thermal conductivity [W m LK ~]
Thermal capacity [J kg- l K- ~]
Boron diffusivity[cm2 s-~]
Latent heat [J kg- ~]

Tm= 1685
= 1980
p = 2.33 × 103
= 2.52 × 103
= 2.2 x 103
k(T) = 2.99 x 104/(T-99)
= 67
= 1.39
Cp --- (1.4743+5.689 x 10-aT) x 106/p
= 9.6045 x 102
= 740
D= 0
= 2.3 x 10-4
Ah = 1.4 x 106

Si
SOG (SiO2)
Solid Si
Liquid Si
SOG (SiO2)

Solid Si
Liquid Si
SOG (SiO0
Solid Si
Liquid Si
SOG (SiOz)
Solid Si
Liquid Si
Silicon
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Fig. 3. Ultra-shallow p+-junction surface morphology imaged by a scanning electron microscopy (SEM).
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melting depth at the laser fluence of 700 mJ cm :. The
computational results fit the experimental profile well
for the first laser pulse, but deviate substantially as
the pulse number N increases. Numerically predicted
dopant concentrations are generally lower than the
experimental ones. It is believed that the boron diffu-

sivity may depend on the boron concentration if the
region is heavily doped, compared with the silicon
intrinsic carrier density of the order of 10 ~9cc ~at the
melting temperature [16]. For the first few pulses, the
heavily doped region is so small that the effect from
the concentration dependence of the boron diffusivity
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is not significant. Boron diffusivity can be treated as
a constant in the computations. As the pulse number
increases, a larger fraction of the molten region
becomes heavily doped, leading to a change in the
boron diffusivity. A larger boron diffusivity could
result in higher computed concentration for N = 10
and N = 20 in Fig. 4. There are other factors possibly
causing the differences between the experimental profiles and numerical profiles at higher pulse numbers.
First, the laser fluence measured by the Joulemeter is
averaged over the pulses for the case of multiple laser
pulses. Pulse to pulse fluence fluctuations generated
by the excimer laser can be as large as 10%. The
fluctuations can result in not only changes in the thermal process, but also in the mass diffusion. The final
dopant profiles are affected more strongly by the
higher fluence pulses than the lower ones during the
multi-phase doping. Second, the microstructure in the
resolidified thin layer is also of importance during
the multi-pulse laser irradiation. Assuming epitaxial
recrystallization in the thin liquid silicon layer, the
numerical simulation in this work may not be accurate
enough to predict the thermal transport due to possible changes in physical properties such as the thermal
diffusivity in the recrystallized silicon. Third, the
absorption coefficient of c-silicon may change due to
the heavily doped silicon surface during multiple laser
irradiation. Lastly, the thermal conductivity of solid
silicon layer can be decreased by a factor of 2-5 in the
temperature range from room temperature to 600 K
because of the heavy doping with boron [17, 18]. At

higher temperatures, the thermal conductivity
becomes less affected by the high dopant concentration. The decrease in thermal conductivity can lead
to deeper and longer melting in silicon. The 10%
increase in the liquid silicon thermal conductivity from
1685 to 1980 K during the pulsed laser doping may
also influence the transient thermal and mass transport [19].
Figure 5 shows boron dopant depth profiles for
different laser fluences at a fixed pulse number N = 20.
It is demonstrated that the p +-junctions are 'box-like'
for 0.6, 0.7 and 0.8 J cm-=, but not for 0.9 J cm -z. The
difference can be explained by the maximum melting
depth. For the fixed pulse number N = 20, the boron
diffusion depths already exceed the maximum melting
depth at the laser fluences 0.6, 0.7 and 0.8 J cm -z. The
accumulation of the dopant atoms blocked by the
liquid-solid interface results in the 'box-like' dopant
distributions. However, for the higher laser fluence
like 0.9 J cm -2, the diffusion penetration length at
N = 20 is smaller than the maximum melting length
and therefore, no dopant accumulation occurs. The
p+-junction depth increases with the laser fluence
because of the increase in both the melting depth and
the melting duration. By defining the p+-junction
depth dj as the distance from the surface to the position
where the concentration drops below 1018 cc -I, the
junction depths vs the laser fluences at two different
pulse numbers N = 1 and N = 20 are shown in Fig.
6. The computed junction depths are plotted for comparison. The gradual saturation of the junction depths
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with the pulse n u m b e r N at fixed laser fluences is
observed in Fig. 7, which shows the melt solid interface limited diffusion. The ultra-shallow p+ojunctions
of 30 n m d e p t h at the laser fluence of 0.6 J cm 2 are
successfully fabricated with this spin-on-glass (SOG)

pulsed laser doping technique. It is d e m o n s t r a t e d t h a t
the incremental d e p t h achieved by varying the pulse
n u m b e r N can be as small as 20-30 nm. However, by
varying the laser fluence at an experimentally controllable level (about 0.1 J cm 2), the incremental
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depth is relatively larger than that obtained by varying
the pulse number because the melt depth is mainly
dominated by the larger melting depth and longer
melting duration. The p÷-junction sharpness is an
important factor in the device performance. By defining the relative junction sharpness as d/Adj, where Adj
is the junction transition depth, it is found that the
p+-junction sharpness increases rapidly as the pulse
number N increases for the lower laser fluences of 0.6,
0.7 and 0.8 J cm -2, as shown in Fig. 8. For the laser
fluence of 0.9 J cm- 2, the p ÷-junction sharpness grows
much slower than the lower fluence cases due to the
fact that the melting depth is longer than the diffusion
depth up to 20 pulses, as mentioned earlier. Again,
the melt-solid interface limited diffusion is confirmed
in Fig. 8. The optimal fluence range in pulsed laser
SOG doping is therefore positioned at about 0.6-0.8
J c m -2,

The transient pulsed laser induced melting and
diffusion in silicon is a complex phenomenon. Several
factors, especially the physical properties of the thin
silicon layer can be altered during the multiple laser
pulses. It should be pointed out that the boron diffusivity dependence on the concentration and the temperature in the thin liquid silicon layer is not known
yet.
5. CONCLUSIONS

Ultra-shallow p+-junctions ranging from 30 to 400
nm are successfully fabricated by the pulsed excimer
laser doping of crystalline silicon with a solid dopant
film SOG. The idea is to melt a thin layer of silicon
by the pulsed laser irradiation so that the diffusion
can be confined within the thin liquid silicon layer,

because of the much higher boron diffusivity in liquid
silicon compared with that in solid silicon. The p+junction depth is essentially controlled by the pulsed
laser fluence and the number of the laser pulses. The
high boron concentration of 1020atoms cc-1 which is
close to the solubility in silicon is achieved in the p+junctions as a result of the high boron diffusivity in
the liquid silicon. The boron depth profiles as a function of the laser fluence and the pulse number are
studied by SIMS. It is demonstrated that the junction
depth can be changed incrementally by varying either
the laser fluence or the pulse number N. The latter is
a finer adjustment than the former. Experiments also
confirm that the 'box-like' p+-junctions are formed
by multiple laser irradiation as long as the induced
maximum melting depth is smaller than the boron
diffusion length. The optimal pulsed laser SOG doping fluence range is found about 0.6-0.8 J cm -2. Above
this range, the dopant profiles are less sharp because
the induced melting depth is larger than the boron
diffusion length. This melt-solid interface limited
diffusion is found as a key factor in the optimization of
the ultra-shallow p+-junction fabrication. Numerical
simulations are carried out to compare with the experimental profiles. It is found that, within the available
physical picture, the one-dimensional transient thermal and mass transport model agrees reasonably with
the experimental results at the first pulse, but deviates
gradually as the laser pulse number increases, Possible
mechanisms causing this deviation are discussed,
including the boron diffusivity and the solid silicon
thermal conductivity dependence on the dopant concentration in the heavily doped region during the multiple laser pulses. Further investigation is needed to
elucidate these important issues in the complex tran-
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sient thermal and mass transport in the thin liquid
silicon layer induced by the pulsed laser irradiation.
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