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A Patterning-Based Strain Engineering
for Sub-22 nm Node FinFETs

Matthias Schmidt, Martin J. Süess, Angelica D. Barros, Richard Geiger, Hans Sigg,
Ralph Spolenak, and Renato A. Minamisawa

Abstract— We propose a strain engineering approach that is
based on the patterning and under etching of fins using strained
Si grown on SiGe strain relaxed buffers. The method enhances
the strain of the patterned Fins up to ∼2.9 GPa without the need
of epitaxial source and drain stressors. We report a systematic
simulation study on the scaling of this method for the present
and future technology nodes down to 7 nm. Finally, we estimate
that the technique deliveries an electron mobility enhancement
up to 87% for FinFETs, independent of the technology node.

Index Terms— Strained Si, FinFet, strain-relaxed-buffer,
scaling, simulations.

I. INTRODUCTION

STRAIN engineering is a crucial technology to provide
enhancement of carrier velocity in scaled Si transis-

tors through specific manipulations of their bandstructure
[1], [2]. The state-of-the-art strain techniques are mostly based
on the deposition of contact etch-stop layers (CESL), by
depositing source and drain (S/D) from a lattice mismatched
semiconductor (e.g., SiGe, Si:C), or at the wafer level, by
growing strained Si on a strain-relaxed-buffer (SRB) [3]–[6].
Xu et al. have shown that S/D stressors deliver more strain in a
Fin than CESL, though in both cases, the maximum achieved
stress amounts less than 0.5 GPa [7]. In turn, Eneman et al.
reported that strained Si grown on SRB (Si0.75Ge0.25) is the
most effective technique to induce tensile stress in Fins for the
14 nm and smaller nodes, although epitaxial Si:C S/D stressors
are required to achieve such high stress levels (>2 GPa)
[8], [9]. However, because of the constrained geometry, such
methods become difficult to implement and often ineffective
for the presently employed Fin architecture featuring 22 nm
and smaller gate lengths (Lg) [6]–[9].

Si nanowires with uniform stress distribution up to 2 GPa
have been demonstrated using highly strained Si on insulator
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Fig. 1. Longitudinal stress (σxx) simulation of (a) starting 30 nm thick
strained Si grown on Si0.75Ge0.25 SRB, (b) after conventional pattern of Fin
structure and (c) after patterning and under etching of the Fins and contact
pads. The full layer is in biaxial stress while the released Fin structure is
under uniaxial stress.

(H-SSOI) [10]. Unfortunately, these substrates have unaccept-
able defect density associated with the high Ge content (35%)
SRB wafer utilized for fabrication.

In this letter, we discuss a new strain engineering method
that mechanically increases the stress of Si Fins grown on
SiGe SRB with low Ge content (25%) without external S/D
stressors. This concept has been experimentally demonstrated
in ∼600 nm long top-down fabricated Si nanowires on insu-
lator with extended contact pads, delivering up to 7.6 GPa
stress [11]. The process is based on pure elastic deformation,
is compatible to different materials and length scales [12] and
enables precise control over the induced strain. Here, we report
a comprehensive simulation study on the effectiveness of this
technology into scaled FinFETs down to sub-10 nm Lg.

II. STRAIN ENGINEERING

All stress simulations are performed for Fins oriented to
<110> on 30 nm thick strained Si/Si0.75Ge0.25 SRB (100)
wafer using a finite element method (FEM) simulation
software (COMSOL). The stress in the starting Si layer is
given by the lattice mismatch between SRB and the Si layer
and amounts ∼1.7 GPa biaxial stress [Fig. 1(a)]. The longi-
tudinal stress in a conventional Fin fabricated by patterning
the biaxially strained Si layer relaxes to 1.6 GPa due to the
creation of free surfaces in the transverse direction [Fig. 1(b)].

Here, we extend the aforementioned method by simply
patterning the Fins with contact pads followed by selectively
etching the SiGe underneath. The under etching extends under
the contact pads to a controlled length UE. The released Fins
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Fig. 2. (a) xy-slices of longitudinal stress σxx from the 3D simulations
for Fins with dimensions summarized in Table I. The top indices indicate
the technology node. A 5 nm narrow strained Si/SBR patterned stripe
(right). (b) Stress profiles (σxx ) along the Fins for the different technology
nodes, and (c) the averaged σxx at the top and sidewalls of the Fins vs. the
node. The σxx profile and average stress of the patterned stripe are plotted
for comparison (dashed line) in (b) and (c).

and under etched contact pads are then approximately under
uniaxial stress. As the layer thicknesses and the force in the
structure remain constant, the stress is inversely proportional
to the cross-sectional area, such that it accumulates at the Fin
and relaxes at the pads [Fig. 1(c)]. The stress in the constriction
can, therefore, be finely tuned by varying the dimensions of the
Fins, pads and UE. Table I list the mesa dimensions simulated
in this letter for the 22, 14, 10 and 7 nm technology nodes.
The values are consistent with those given in Ref. [6], [9].

III. RESULTS AND DISCUSSION

Fig. 2(a) depicts a xy-slice of the longitudinal stress σx x

from the 3D simulations for Fins with dimensions listed in
Table I. The σyy and σzz components in the center of the
fin are below 100 MPa. The technique is effective for all
investigated technology nodes since it only depends on the
relative dimensions of the Fin, pads and UE, and provides up
to ∼3 GPa. A 5 nm narrow strained Si/SBR patterned stripe
(right) is plotted for comparison. Whereas, the longitudinal
stress on the top of the 5 nm narrow patterned stripe remains
constant and equal to ∼1.6 GPa, the 5 nm narrow constriction
(7 nm node) displays an enhanced stress up to ∼2.8 GPa in
the central part and up to ∼3.5 GPa in the corners of the Fin.

Fig. 2(b) shows the longitudinal stress profile at the surface
of the Fin for the different nodes. The profile of the 5 nm
narrow stripe is plotted for comparison. The variation between
the maximum and minimum stresses within the Fin length
amounts up to ∼40% for the 22 nm node and decreases
down to ∼32% for the 10 and 7 nm nodes. Fig. 2(c) displays
the average channel surface stress σ sur

x x
1

Lg Aν

∫
Aν

∫
Lg

σx x dxdv
for the top (ν = y, Ay = WFin = Fin width) and sidewalls
(ν = z, Az = HFin = Fin height) [9]. The surface stress ranges
from ∼2.6 to ∼3.0 GPa for the different nodes.

Scaled devices operate at quasi-ballistic regime, where only
low field mobility has physical meaning [2]. Under such
field conditions multigate FinFETs can experience volume

TABLE I

DIMENSIONS FOR DIFFERENT TECHNOLOGY NODES

Fig. 3. (Top row) Cross sectional 2D simulations of charge density in trigate
FinFETs using the 14, 10 and 7 nm nodes dimensions from Table I at gate
voltage VG = VT. (bottom row) 2D longitudinal stress σxx simulations for
Fins with the dimensions of the 14, 10 and 7 nm nodes.

inversion, provided that the width is sufficiently narrow [13].
Fig. 3(top row) depicts the cross sectional charge density for
trigate FinFETs using the 14, 10 and 7 nm nodes dimensions
at VG = VT. The volume inversion is weakly influenced by
the uniaxial strain, which shifts the threshold voltage VT by
less than −35 mV [15].

High electron concentration in the center of the Fin begins to
appear at the 10 nm width (14 nm node) and becomes stronger
at 5 nm (7 nm node), as an indication of volume inversion. As
a consequence, inversion carrier mobility is increased due to
reduced surface scattering. Whereas most of works so far have
analyzed surface stress in FinFETs, here we compare it to the
volume stress in order to assess its impact on the transport
enhancement.

Fig. 3(bottom row) displays yz-slices through the
longitudinal stress σx x for Fins with the 14, 10 and
7 nm technology nodes dimensions. The average bulk
stress σ sur

x x
1

Lg FFinWFin

∫
Lg

∫
FFin

∫
WFin

σx x dxdydz for such nodes

amounts ∼2.5, 2.75 and 2.9 GPa. The stress is higher for
the 7 nm nodes due to the comparable dimension of the Fin
length Lg to the radius of the pad corners, which are points
of stress concentration. Therefore, the smaller technology
node exhibits simultaneously higher volume inversion and
stress. Notice that these stress values are similar to those
observed in the Fin surfaces as seen in Fig. 2(c).
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Fig. 4. Estimation of mobility increase in a n-type FinFET for different
technology nodes using the patterning based strain technology (red). The
mobility increase induced by SRB technology only is plotted for comparison.

We now estimate the potential enhancement in low field
mobility induced by our strain engineering technique using
piezoconductance theory [9]. The mobility variation is given
by the product of the piezoconductance tensor and the average
volume stress ∂μvol = � · σ vol

x x . Here, we assume bulk values
for the piezoconductance tensor [8], [9], [14]. The absolute
mobility of the strained Fin is then obtained from that of
relaxed Si according to μstr = μrel(1 + ∂μvol). The mobility
enhancement is finally given by �μ = μstr − μrel/μrel.
Fig. 4 displays the mobility enhancement for the different
technology nodes. The mobility increase induced by SRB
(25% Ge content) technology is plotted for comparison.

Whereas the SBR induces 50% enhancement in electron
mobility, further increase up to 87% can be reached using the
patterning based strain engineering technique.

Regarding processing possibilities, high resolution litho-
graphy techniques would need to be further developed to
provide the direct patterning of the nanostructures proposed
here. A potential solution could be double exposure using EUV
interference lithography [16]. Another possibility could be to
pattern first the Fins by standard pitch doubling techniques
followed by overgrowth of the Si pads prior to under-etching.
This would inevitably increase the pad cross section, which
further increases the stress multiplication effect described in
this letter.

IV. CONCLUSION

A patterning based strain engineering method has been pro-
posed as an alternative for sub-22 nm technology nodes. The
technique is based on the patterning of constricted structures
from pre-strained layers and is effective for all technology
nodes down to the 7 nm. The stress is enhanced in both,
surfaces and volume of the Fin structures. We demonstrate
up to ∼2.9 GPa average stress for the 7 nm technology node

by patterning the constricted strained Si FinFETs grown on
SRB with 25% Ge, without using any complementary strain
engineering method. We estimate that this level of stress results
in an increase of about 87% in electron mobility. Regarding
the fabrication of a CMOS inverter, although the technique
described here aims to increase electron mobility, the SBR
could be used for the fabrication of the p-MOSFET since it
exhibits enhanced holy mobility [17].
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