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ABSTRACT Process integration feasibility of UV nanosecond melt laser annealing (MLA) in 14 nm node
generation FinFET’s contact for dopant surface segregation and activation is assessed by using a 3D TCAD
simulation tool. In a n-type source/drain (S/D) in-situ phosphorous doped epilayer, Sb ion implantation
is performed, considering the advantage of its surface segregation in lowering of the contact resistivity.
The simulation results show that the heat sources created by the laser irradiation are confined mainly in
the replacement metal gate (RMG) part, suggesting a potential interest of controlling the polarization of
laser light to enlarge the process window by reducing the laser absorption in the RMG part. Also, the
estimated solidification front velocity (V) in the MLA-induced epilayer regrowth (~4 m/s) satisfies the

requirements (~1 m/s <V <

~15 m/s) to enable the surface segregation and metastable activation of

the dopants. The surface segregation is also experimentally confirmed in the FinFET contact module.

INDEX TERMS Contacts, FinFET, melt laser anneal, TCAD.

I. INTRODUCTION

Nowadays, the area of transistors is so small that metal-
semiconductor contact resistivity dominates parasitic com-
ponents of access resistance [1]. The improvement of the
contact resistivity has therefore become more and more
challenging in recent years and a target for future nodes
is to achieve a value below 1 x 1072 ohm.cm? [2]. The
required breakthrough is demonstrated for p-type contact by
using gallium (Ga) as the dopant in high germanium (Ge)
content silicon-germanium (SiGe) alloys [3], [4] and pure
Ge [4], where a key phenomenon is dopant surface seg-
regation during non-equillibrium solidification induced by
nanosecond melt laser annealing (MLA). When a segregation
coefficient of dopant in a semiconductor material contain-
ing a liquid (/) and solid (s) phase (i.e., melting) is much
lower than the unity, this dopant diffuses into the / phase
at the I/s interface. Indeed, Ga has a very small equilibrium
segregation coefficient (ko) in both Si (0.008 [5]) and Ge
(0.071 to 0.078 [6], [7]). In the same context, antimony (Sb)
can be a candidate for n-type contact because its reported
equilibrium segregation coefficient is also very small in
Si (0.023 [8]).

However, in the MLA-induced solidification, these kg
values evolve as a function of the solidification front veloc-
ity (SFV) [9]. Since preferential placement of the dopants
happens in the disordered [ region of the moving //s interface,
a solute trapping phenomenon, which also depends on SFV
(denoted as V in the following) [10], has to be taken
into account to discuss substitutional incorporation of the
dopants in the regrown semiconductor material. The non-
equilibrium segregation coefficient (kpe) of the dopants
monotonically increases when increasing V (i.e., ko < kpe
with 0 < V) [9], [10]. When V becomes larger than the speed
of solute diffusion propagation (Vp), kpe becomes equal to
the unity (i.e., ke = 1 with Vp < V) and this regime
is called “complete solute trapping” leading to diffusion-
less solidification [10]. In our previous works [11]-[13], the
degree of surpassing the solid solubility limit (SSL) of the
dopants such as Sb and Ga as a function of SFV is system-
atically studied, using Sb-implanted Si and Ga-implanted
SisoGesg epilayers. When V becomes larger than ~1 m/s,
the dopant active level monotonically increases. This would
be the case in real devices, where the volume of the imple-
mented source/drain (S/D) contact epilayers is negligible
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compared to the underlying Si substrate so that quite fast
heat dissipation can be expected.

To enable both MLA-induced surface segregation and acti-
vation over SSL of the dopants, V must satisfy ~1 m/s
<V < Vp (~15 m/s [13]). Therefore, a process simulation
able to extract SFV is necessary to assess the feasibility of
MLA integration into contact activation in real devices. In
addition, thermal budget management in a complex device
structure is important to control the process window. In a typ-
ical replacement metal gate (RMG) flow of high-k/metal
gate (HKMG) technologies, the contact anneal may come
after the final gate stack formation [14], [15], where the
MLA-induced epilayer regrowth has to be managed without
damaging the gate and other surrounding functional modules.
To that end, simulation is the only way of knowing distri-
bution of heat sources in a device structure. The simulation
of the MLA process thermal dynamics in 3D structures is
challenging since it needs to solve self-consistently the heat
equation coupled to the time-harmonic solution of Maxwell
equations (laser light coupling), phase field, and species
diffusion, including the temperature dependency of mate-
rial parameters, phase change, and alloy fraction. Moreover,
nanometer scale effects such as optical coupling and phase
change have to be considered together with micrometer scale
thermal diffusion effects for microsecond scale duration (i.e.,
time to return to equilibrium) with nanosecond scale time
resolution. In this work, we use a TCAD package (named
LIAB: LASSE Innovation Application Booster) [16] over-
coming these challenges to simulate the MLA process in 3D
structures by a careful optimization of the numerical mesh-
ing strategy, adapted boundary conditions, and an adaptive
time-stepping algorithm. Specifically, the incident laser wave
comes from the top of the simulated structure and a con-
stant temperature of 300 K is set at the lower boundary of
the system (i.e., at the bottom of a 700 pm thick coarsely
meshed Si substrate). Moreover, a condition of symmetry is
imposed on the left and right boundaries, which is consis-
tent for the periodic simulation of the surrounding equivalent
FinFETs. With this simulation tool, we assess the feasibility
of the MLA integration in a FinFET fabrication process for
dopant activation in the S/D contact epilayers.

Il. EXPERIMENTAL PROCEDURE

A 14 nm node generation FinFET fabrication process flow
with RMG was used to form a n-type S/D contact module
(Fig. 1(a)). The S/D epilayer was in-situ phosphorous (P)
doped Si (Si:P). Ion implantation (I/I) of Sb atoms was
applied with a nominal dose of about 5 x 10'3 at./cm?,
targeting an impurity projected range of about 5 nm from
the surface of the Si:P epilayer. A UV nanosecond pulsed
laser annealing (SCREEN-LASSE LT3100) was performed
with stage at room temperature to enable the MLA-induced
rapid regrowth of the part amorphized by I/l (a-Si:P).
The simulated 3D structures is shown in Fig. 1(b), where
the structural parameters such as the fin’s pitch, width,
and height were set at 45 nm, 14 nm, and 30 nm,
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FIGURE 1. (a) Process flow of our 14 nm node generation n-type FinFET up
to contact anneal and physical characterization. (b) 3D structure used for
our simulation. (c) Structural parameters with a cut on the Fin.

(d) Structural parameters with a cut on the Gate. (e) Structural parameters
with a cut on the S/D.

respectively (more details are given in Fig. 1(c), (d), and (e)).
This structure was periodically repeated in simulation. The
detailed setup of our simulation is explained elsewhere [16].
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FIGURE 2. Color heat maps obtained by our simulation for the directions
cut on (a) the Fin and (b) the Gate.
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FIGURE 3. Extracted threshold ED values to start melting in the a-Si:P, Si:P,
Si Fin channel, and Si sub-Fin on different Fin positions.

Physical characterizations such as Transmission Electron
Microscopy (TEM) and Energy Dispersive X-ray (EDX)
analysis were performed after MLA.

IIl. RESULTS AND DISCUSSION

First, the distribution of heat sources created by the laser
irradiation was extracted from the simulation along two
directions: (i) cut on the Fin (Fig. 2 (a)) and (ii) cut on the
Gate (Fig. 2 (b)). Most of the heat issued from the coupling
between the laser light and the 3D structure is generated in
the RMG metal regions. During the MLA process, this heat
is transferred to the underlying Si Fin channel then to the
S/D epilayers beside. This implies a potential risk of narrow-
ing or losing the process window, because such strong heat
generation in the Gate may induce degradation of the gate
stack, possibly resulting in a threshold voltage shift and/or
gate leakage increase in device operation.

To address this concern, the threshold laser energy den-
sity (ED) for melting the a-Si:P, Si:P, Si Fin channel, and
underlying Si sub-Fin was estimated for all fin positions
(described in Fig. 1(b)) as shown in Fig. 3. A similar trend
as a function of increasing ED is observed regardless of the
fin position. The a-Si:P melts at the lowest ED. Then, the
Si Fin channel melts at a lower threshold than the Si:P. It
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FIGURE 4. Extracted evolution of the melting depth in the case of the full
melt of the initial Si:P epilayer. To roughly estimate the average SFV value,
the maximum molten depth was divided by the time necessary to reduce
the melting depth toward 0 nm.

should be noted that in our simulation the same melting
point (Tye) data (~ 1420 K and ~ 1690 K in amorphous
and crystalline states [17]) were used for both Si and Si:P
(its nominal P concentration was about 1 x 10%! at./cm?),
because the impact of doping on thermal properties was
assumed to be minor. The lowest melting ED for the a-Si:P
can be explained by its much lower Ty than the Si:P,
whereas the lower melting ED of the Si Fin channel w.r.t.
the Si:P is consistent with the heat transfer pathway from
the heat source generated in the RMG region. To estimate
a process window for MLA integration, the ED at which
the a-Si:P fully melts must be at least lower than those of
the beginning of the Si Fin channel and sub-Fin melting.
According to our simulation, the full melt of the a-Si:P on
all Fin positions can be achieved at 0.51 J/cm?, leaving
a comfortable margin of more than 0.05 J/cm?. This process
window may be enlarged by using a polarized laser light to
reduce the laser light coupling (i.e., the heat generation) in
the RMG part [16]. Also, when the a-Si:P melts, the RMG
part reached a peak temperature higher than 1420 K (the
obtained absolute temperature may be inaccurate since bulk
material properties are considered for the RMG thin films in
our model, but the RMG part could reach 1700 to 2000 K in
a few hundred ns timescale). In contemporary 14 nm node
generation FinFET HKMG technologies, a typical RMG flow
may involve a high-temperature annealing (e.g., ~900 °C
for a few seconds [18]) as a post metallization anneal to
improve the reliability of transistors. Although it is hard
to predict a failure mode of possible HKMG performance
degradation, the gate stack can survive such high-temperature
heating thanks to the extremely short timescale of the applied
MLA process (the applied laser pulse duration was in a range
of 100 to 200 ns), as it has been already demonstrated exper-
imentally on actual FinFET device structures [19]. The laser
polarization may also help to avoid the gate damage.

To discuss the Sb surface segregation and activation, the
SFV value in the current n-type FinFET structure was also
estimated. From the evolution of the melting depth during
MLA, which is shown in Fig. 4, an averaged SFV value was
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FIGURE 5. (a) Cross-sectional TEM image of the n-type S/D contact
module annealed at an MLA condition where the molten depth should be
deeper than the initial Si:P epilayer thickness. (b) EDX line scan profile
measured on one of the annealed Si:P S/D epilayers.

calculated to be about 4 m/s for the initial Si:P full melt
case. This value satisfies the above-mentioned requirement
(i.e., V1 m/s < V < ~15 m/s) necessary to enable both Sb
surface segregation and activation over SSL. An experimen-
tal evidence of Sb surface segregation is also presented in
Fig. 5. An epitaxial-like regrowth was confirmed on a TEM
image (Fig. 5(a)) at an MLA condition where the molten
depth should be deeper than the initial Si:P epilayer thick-
ness. Then, by an EDX line scan (Fig. 5(b)), a very high
concentration of Sb atoms (about 40 at.%) was observed at
the top surface of the regrown Si:P. Considering the diffusion
coefficient of Sb in liquid Si (1.5 4 0.5 x 10~* cm?/s [20])
and the effective full melting time estimated in Fig. 4 (about
80 ns), the maximum diffusion length becomes equivalent
to the initial Si:P epilayer thickness. This means that at
the MLA condition of the presented TEM/EDX images
the as-implanted Sb profile was once diluted in the molten
Si:P when the melting front progressed deeper and deeper.
Therefore, if the MLA-induced regrowth was a diffusion-
less process, then it would not have formed a peak of the
Sb atoms in the EDX line scan only at the regrown Si:P
surface. This observation supports that the mean SFV in
the applied MLA process is smaller than Vp. A similar
Sb redistribution mechanism during the MLA-induced rapid
solidification is also reported in our previous work [13].
Then, one may expect a very high Sb active level which
should be at least more than ~2.6 x 10?° at./cm® (equiv-
alent to ~0.5 at.%) [13] and potentially goes up to about
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40 at.% (equivalent to ~ 2 x 10?2 at/cm?®). This expecta-
tion in the V range that we discuss in this work can be
supported by a theoretical prediction of MLA-induced sub-
stitutional dopant incorporation in Si given by literature [21].
With such a high active level of the incorporated dopants
at the contact interface, one may expect a very low contact
resistivity which goes into a sub-10~2 Q.cm? level [3], [4].

IV. CONCLUSION

MLA integration in the 14 nm node generation FinFET pro-
cess for contact activation was assessed by means of 3D
TCAD simulation. The visualization of the heat transfer path-
way is the key of tuning the process window. Also, the SFV
extraction helps to configure the MLA-induced solute trap-
ping regime for enabling the dopant surface segregation and
metastable activation over SSL. In the actual FinFET struc-
ture, the ML A process dynamics were shown to be promising
for contact resistivity lowering. Such approach will be also
valid for future advanced CMOS devices.
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