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CO2 Laser Annealing for USJ Formation in Silicon:
Comparison of Simulation and Experiment

Spyridon Stathopoulos, Antonios Florakis, Giorgos Tzortzis, Theodor Laspas, Andreas Triantafyllopoulos,
Yohann Spiegel, Frank Torregrosa, and Dimitris Tsoukalas

Abstract— In this paper, we compare the experimental and
simulation results of the effect of laser annealing on boron
implanted silicon using a CO2 source and commercially available
process TCAD tools. The main objective of this analysis is the
prediction of the evolution of temperature distribution induced
into the wafer during the laser irradiation below the melting
threshold as well as its effect on boron diffusion and activation
kinetics. A series of factors are considered along with the
use of advanced heat transfer and dopant diffusion models
provided by the TCAD tool to accurately prototype the effect
of the CO2 irradiation on temperature and dopant distribution.
These include the nonuniformity of the incident laser beam, the
strong dependence of heat capacity and thermal conductivity
from temperature and, most importantly, the dependency of the
absorptivity from temperature and dopant distribution, which
requires the solving of dopant and heat transfer equations in
a coupled and self-consistent way. Using surface temperature
data obtained by pyrometry measurements, it was possible to
calibrate and to verify the validity of the results. Experimental
boron profiles were then used to compare with simulations in the
transient regime where dopant diffusion just starts to occur. Both
TCAD and experimental data confirmed previous suggestions
that submelt CO2 laser annealing is an efficient tool for profile
engineering, allowing diffusionless activation of the plasma doped
boron profiles.

Index Terms— Boron diffusion processes, CO2 annealing,
numerical simulation, silicon nonmelt annealing.

I. INTRODUCTION

THE aggressive shrinking of the dimensions of modern
field-effect transistor (FET) devices, as well as the devel-

opment of newer FET implementations (such as FinFET), urge
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the use of novel annealing strategies for the formation of
source/drain junctions, able to fulfill the demands imposed
by the ITRS roadmap [1]. Among these, demonstration of
high electrical activation levels and the minimization of boron
diffusion is the driving force behind the implementation of
ultra fast thermal processes such as spike, flash, and laser
annealing.

Several different approaches regarding the wavelength (from
UV to macro IR) and annealing duration (from femtosecond to
millisecond) have been investigated. Among them, excimer [2]
and all solid state lasers [3], in the nanosecond and millisecond
time scale, respectively, are the most promising candidates.
On the other hand, p-polarized carbon dioxide lasers have been
recently embedded in commercial wafer irradiation systems,
as they exhibit manufacturing–related advantages comparing
with other laser sources of lower wavelength. CO2 operation
(λ = 10.6 μm) at Brewster’s angle reduces significantly
reflectivity associated pattern dependency [4], a critical issue
in the CMOS fabrication flow.

The complexity of the interaction between the silicon and
CO2 laser radiation stems from the very nature of absorption
mechanisms, attributed mainly to photoexcitation of thermally
active free carriers. Energy is transferred from excited carriers
to lattice via electron-phonon scattering (in the time range
10−12–10−13 s) resulting to local heating of lattice and an
exponential rise of the absorption coefficient. Simultaneously,
absorption length reduces significantly, forcing the optical
absorption to take place in a smaller volume. Additionally,
temperature rise is further enhanced by a decrease in ther-
mal conductivity. All these factors combined, may lead to a
dramatic increase of the overall heating rate, especially for
irradiations in the nanosecond range, as the whole process is
highly adiabatic [5], [6]. In the millisecond regime, which is
the subject of this paper, the effect of the optical confinement
is less prominent, as the longer annealing duration facilitates
higher thermal dissipation within the silicon bulk.

In [7], we have investigated the implementation of car-
bon dioxide laser annealing for the formation of p-type
ultra shallow junctions, conducting a multiparameter analysis.
Based on our results [7], a new set of experiments has been
performed, strictly in the submelt region, to compare the
experimental results with TCAD simulations. The experiments
include plasma doping, laser annealing, secondary ion mass
spectrometry (SIMS) characterization and sheet resistance
measurements of the samples. Various annealing conditions
used represent a transient regime, where we are gradually
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crossing the barrier from a diffusionless to a net dopant
movement process.

Additionally, we have developed a TCAD procedure for
the simultaneous description of the effect of laser annealing
on the temperature distribution evolution coupled with boron
diffusion kinetics using the Synopsys Sentaurus process TCAD
tool (SProcess) [8]. Simulation with SProcess pertains to all
aspects of the process from dopant implantation to annealing
and diffusion.

II. EXPERIMENT

Boron ions have been introduced into n-type silicon wafers
using low energy BF3 plasma immersion ion implanta-
tion (PIII) technique using the PULSION tool developed by
IBS [9]. The nominal values of acceleration voltage (i.e.,
the energy of the implantation) and dose were 0.6 kV and
1 × 1015 cm−2, respectively. The actual dose of the implan-
tation was found out to be around 55% of the nominal
value. To annihilate the damage induced by the implantation
and improve the electrical characteristics of the junction, the
samples are thermally treated using a CO2 laser. Details for
the CO2 laser irradiation setup, which has been used are given
elsewhere [7]. Using a fixed laser power value of 64 W,
we have performed several irradiations modifying the spot
diameter and the pulse duration to determine the optimum
annealing conditions. At the final set of irradiations, laser beam
has been focused to a spot of 1.1 mm in diameter at around
9400 W ·cm−2 peak power density and the pulse duration was
in the range 6–10 ms (56–94-J·cm−2 energy density, respec-
tively). However, to conduct more reliable temperature mea-
surements using the infrared pyrometer, several experiments
were conducted using larger spots and longer pulses. The
results obtained from real time pyrometry were used for the
validation of the calculations regarding the laser—silicon ther-
mal interaction and the peak temperature values determined by
this process were used for the evaluation of the thermal predic-
tions. In all the experiments, samples are mounted vertically
upon a heating base. Wafer preheating is necessary to increase
the light absorption rate at the beginning of the irradiation
process. As absorption coefficient has an exponential depen-
dence on temperature, preheating can lead to significantly
higher peak temperatures for the same duration and power
fluency values. Peak surface temperature ranges from 1250 °C
to 1400 °C, depending on the duration of the laser pulse. SIMS
analysis was carried out with a Cameca IMS 4fE6 instrument.
Preliminary SIMS measurements showed that the preheating
of the samples for 1 to 2 min at 650 °C does not modify
the dopant profile. Considering the restrictions imposed by the
SIMS detection limit no parasitic diffusion has been observed.

As the intensity distribution of the beam is Gaussian, the
annealing effect (and consequently the postannealing doping
profile) is inherently not uniform. Hence, the mapping of sheet
resistance distribution is necessary and several sheet resistance
measurements have been performed across the irradiated area.
As the deviation in the sheet resistance measurements values,
obtained in the central region of the beam, is small it is
possible to get a reliable averaged value. Sheet resistance

measurements were performed using the van der Pauw four
point probe technique on a prober equipped with an optical
microscope. The probes were arranged in square geometry
and their distance was about 100 μm. Additionally, by per-
forming a deep circular cut using a diamond pen around the
perimeter of the irradiated area before the characterization,
we have ensured the lateral electrical isolation of the region.
In addition, gold contacts have been fabricated using e-gun
evaporation to minimize the contact resistance. Based on sheet
resistance cartography of the laser annealed area, SIMS mea-
surements were conducted, aiming in the central beam area
that we have measured a minimum sheet resistance, so as to
monitor the maximum possible diffusion of the dopant profile.

III. SIMULATION AND DISCUSSION

A. Thermal Distribution

Two-dimensional effects have to be considered for the CO2
simulation. In addition, the absorption coefficient must be
calculated at each time step and for each node of the simulation
mesh, as it is strongly dependent on dopant distribution and
temperature. To describe the absorption coefficient, we
followed the approximation introduced by [10] given in (1)

α(N, T ) = 1.9 × 10−20T 3/2

×
[

N +3.87 × 1016
(

T

300

)3/2

exp −7020

T

]
+2

(1)

where N represents the free carrier concentration and T the
temperature at each node. This strong coupling between the
absorption coefficient and both temperature and boron distrib-
utions may give rise to transient phenomena, such as thermal
lensing, which will lead eventually in steep temperature
increase, especially for very short pulses (nanosecond or less).
In the millisecond regime, however, there is enough time for
efficient heat dissipation toward the bulk, as it is depicted
from the thermal length lthermal dependency on the square
root of pulse duration. Overall, as it will be shown later,
the relatively long annealing times, lead to a wider thermal
distribution and thus reduce eventually the temperature rise.

Regarding the programmatic description of the laser inten-
sity distribution profile, Sentaurus Process assumes that the
incident beam is spatially uniform and has a Gaussian-like
time evolution. This approach is typical for pulsed lasers (such
as excimer or solid state) but is insufficient for the simulation
of the CO2 laser, which is constant wave. Therefore, the
intensity profile must be incorporated manually through a
user-defined function, which is constant with time and has
a Gaussian spatial distribution to reflect the 00 transverse
electromagnetic mode (TEM00) of the laser. Then, only the
beam diameter, lateral dimensions of the calculation field and
the incident power density are required to accurately reproduce
the intensity profile as far as the simulator is concerned.
It should be apparent that the description of the profile is
strictly 2-D. A series of 1-D calculations has also been
performed, mainly for calibration reasons, but it was unable
to reproduce any experimental data and it was depreciated in
favor of the 2-D approach.
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Fig. 1. Peak surface temperature for several laser pulse duration values,
obtained by simulation (blue dots) and IR pyrometry (red squares). Excellent
level of agreement has been achieved for almost every annealing condition.
Laser was focused on a spot size diameter of 1.8 mm, at a sample sustained
at 650 °C.

The temperature dependence of every parameter included
in heat equation [11] was considered. Since the characteristic
lengths of dopant and thermal diffusion effects differ more
than one order of magnitude, mesh structure was properly
modified so that both physical phenomena could accurately
be simulated. This necessitates the use of a dense mesh (less
than 1 nm) near the surface area, where dopant diffusion
is studied, letting it become coarser toward silicon wafer
bottom (extending down to 700-μm depth). On the other hand,
as absorption coefficient depends on dopant concentration, a
possible profile movement should be considered, as diffusion
leads to lower concentration profiles and thus lower absorption
values. As it will be discussed in the next section, the advanced
models set of models has been used during simulations.

Even though the most promising irradiation results have
been obtained by focusing the laser beam at a spot size of
1.1 mm and pulse duration of 6–10 ms for calibration and
verification reasons, we started our analysis with larger spots
and longer annealing times due to limitation imposed by the
IR pyrometer spot size (0.6 mm) and sampling rate (500 Hz)
to increase the reliability of the process. This way, we have
validated our simulation results with peak temperature values,
which have been reached after several tens of milliseconds.
The results of this experiment are shown in Fig. 1, which
presents a comparison for the peak surface temperatures
obtained by simulation and IR pyrometry. Excellent agreement
has been achieved for every pulse duration supporting the
validity of our calculations while being consistent with [12].

Subsequently, we have investigated a time range that is rele-
vant for USJ technology for which the laser had to be focused
in a smaller area (leading to higher temperature rise rate). The
minimization of annealing time is critical, to reduce boron
diffusion. Many parameters affect the temperature evolution
including pulse duration, preheating temperature and doping
concentration. The last two factors affect the process indirectly
by modifying the absorption coefficient of silicon. Different
combinations have been considered, however, only the most
promising results are presented in this paper. Three different
pulse durations (6, 8, and 10 ms) have been used while keeping

Fig. 2. Calculated average surface temperature for three different pulse
durations. Irradiations performed at a spot size diameter of 1.1 mm, while the
preheating temperature was 650 °C. All cases are below the melting point of
silicon (1410 °C).

the other parameters constant (1 × 1015 cm−2 at 0.6 kV for
the doping and 650 °C for the preheating temperature).

Fig. 2 shows the calculated evolution of surface temperature
with time for three different pulse durations, for a sample
preheated at 650 °C. As it can be observed by the simulation,
no melting occurred in any of the cases. However, the 10 ms
case being very close to the melting point of silicon, gave
rise to more prevalent diffusion, as it can be observed by the
SIMS measurements discussed later.

Fig. 3 shows the 2-D snapshots of temperature distribution
within silicon bulk, for two different values of pulse duration
(6 and 10 ms). The shape of the isothermal lines reflects
the Gaussian spatial distribution of the beam intensity. These
snapshots were captured at the end of the pulse (where
the overall temperature distributions reach their maximum
value). Results for the rest of the irradiation combinations
are similar. The temperature distribution within silicon bulk
at the corresponding conditions is shown in Fig. 4. All curves
have been extracted at the time where the maximum surface
temperature was reached for each annealing condition.

B. Simulation of Boron Diffusion and Activation Kinetics

Following the thermal analysis, we proceeded to investigate
the diffusion and activation of the boron dopants. Starting with
the doping step we have used the plasma doping routines of
SProcess (version 2012.09). Since SProcess does not readily
support the PIII process we have broken down the implantation
process to several BF2 steps. The dose and energy of these
steps have been selected so that the resultant boron distribution
resembles the SIMS as-implanted data as closely as possible.
More elaborate modeling of PIII is possible [13] but it is
beyond the scope of this paper. The rest of the simulation
was carried out with the version 2009.06 of the tool.

SProcess solves simultaneously the heat equation along
with the relevant transport and clustering equations related to
dopants for each node. This fact, allows for a self-consistent
description of the coupling of the thermal and diffusion related
transient phenomena that take place during the annealing. For
an accurate modeling of the dopant diffusion and activation
kinetics, we have implemented the advanced models set of
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Fig. 3. Isothermal lines indicating temperature distribution within silicon bulk. Each snapshot has been obtained at the end of the pulse (where the maximum
surface temperature was reached), for two different pulse durations; 6 and 10 ms. (a) Snapshot at 6 ms. (b) Snapshot at 10 ms.

Fig. 4. Simulated average temperature distribution for the three different
pulse durations. Each snapshot was taken at the end of the corresponding
pulse.

models [14]. The main features of this combination of models
and updated parameters are the charged-react model for the
dopant transport, the charged-cluster for the boron clustering
with interstitials and the full model for the interstitial cluster-
ing evolution.

Charged-react is a five-stream model, considering an immo-
bile substitutional dopant and up to two mobile charged
dopant—defect pair species. Mobile charged point defects are
also included. For the solution of the system of equations, a
variety of phenomena related with dopant and point defects
kinetics are considered [15], [16]. Moreover, the effect of
the presence of the co-implanted fluorine molecules has been
included. The implementation of charged-cluster allows for
the description of boron interstitial clusters (BICs), which are
a prominent damage configuration and can affect the boron
kinetics and activation levels. The full model can monitor the
complete evolutionary path of interstitials—consisted defects,
from small interstitial clusters to {311} defects as well as
dislocation loops.

Fig. 5 compares the actual dopant distribution for two
different laser annealing conditions (6 and 10 ms) with the
corresponding simulation results. The initial profile used in

Fig. 5. Comparison of the boron distribution as calculated by Sentaurus
process and actual SIMS data. In the case of 10 ms significant, diffusion can
be observed whereas in the case of 6 ms there is no apparent movement of
the profile distribution. In the inset simulated and actual boron as implanted
profile.

the simulations is shown in the inset of Fig. 5 and it is in
excellent agreement with the SIMS data. As we can observe
for the annealed samples, the case of 6 ms exhibits minimal
diffusion whereas in the case of 10 ms, the diffusion is more
prominent since surface temperature reached quite close to
the melting point of silicon (1410 °C). In both cases, the
agreement between the simulated and experimental results is
very good.

We can also observe that experiments and simulations
capture the immobile boron profile contained at the top 3 nm
with the threshold concentration of mobile boron close to
2 × 1020 cm−2 as previously observed [15]. This immo-
bile part of boron profile at high concentrations has been
attributed to the formation of various sizes BICs observed
by [15] through TEM imaging and successfully initially
simulated by [17].

Moreover, the simulation of boron diffusion kinetics allowed
us to determine the distribution of the activated boron atoms.
In conjunction with the total diffused boron distribution, the
sheet resistance of the sample in the irradiated area can
be calculated. In Fig. 6, the evolution of the sheet resistance
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Fig. 6. Evolution of the sheet resistance for three samples irradiated with
three CO2 pulses of different durations as compared with the sheet resistance
calculated for the activated boron profile extracted from the simulations. The
experimental data are the averaged values of the area sustained the top of the
Gaussian beam.

in the annealed area is depicted along with the experimental
values determined by averaging the van der Pauw measure-
ments in the central region of the irradiation, which was
subjected to the highest laser intensity. To build the simulated
curve of Fig. 6, the total (N) and active (NB ) boron profiles
have been extracted in every time step of the simulation.
Then, the integral

∫
NB (x)μ(N(x), x)dx , has been calculated

for each step to extract the simulated sheet resistance values
(μ being the mobility of carriers). The case of 10 ms displays
slightly lower sheet resistance than the calculated value; how-
ever, this is to be expected because 10 ms is a fringe case as
it has been already discussed. It is apparent, however, that the
CO2 irradiation significantly improves the electrical behavior
of the junction even though the induced dose used is very low.
The results of the 10 ms case are similar or better to others
obtained by nonmelt annealing procedures [18]–[20]. A higher
implantation dose should further reduce the resistance toward
the figure of merit.

IV. CONCLUSION

This paper is part of a wider investigation of the
implementation of submelt CO2 laser annealing for ultra
shallow junction formation. Due to the reduced pattern depen-
dence, long wavelength irradiation is especially suitable for
nonplanar architectures, such as FinFET devices, for exam-
ple. Using process TCAD, we were able to describe the
interaction of laser and silicon, both in terms of temperature
evolution, dopant diffusion and activation kinetics. At high
wavelengths carrier photogeneration is the dominant mecha-
nism for absorption, so the latter is strongly coupled with the
carrier concentration and temperature. The adequate level of
agreement between the simulation results and IR pyrometry
measurements, indicates the effectiveness of the modeling
approach. Experimental and simulation results revealed a sig-
nificant reduction of sheet resistance, while the movement of
boron concentration profile was minimal. Irradiations at higher
intensities and shorter durations can further improve these
results, constituting nonmelt CO2 laser annealing a promising
alternative to conventional spike thermal treatment.
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