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a b s t r a c t

This paper presents a TCAD study on the effectiveness of stress techniques on bulk FinFETs and planar
nFETs, comparing gate-first and gate-last schemes.

It is shown that strained Contact Etch-Stop Layers (CESLs) are about 30–40% less effective in narrow
FinFETs than on planar FETs when a gate-first scheme is used. On the other hand, using a gate-last
scheme significantly enhances CESL effectiveness both on FinFETs and planar FETs, especially when the
device width is scaled.

A tensile gate fill material leads to a completely different channel stress configuration in gate-last
than in gate-first nFETs. While for gate-first FinFETs, this leads to up to 10% mobility improvement
at narrow widths, mobility degradation is predicted when tensile gates are used in a gate-last config-
uration. For this stressor, FinFETs show a different width dependence than planar FETs due to perpen-
dicular stress in the fin sidewall, leading overall to higher mobilities in FinFETs than in their planar
counterparts.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Gate-last processes are adopted nowadays for high-perfor-
mance CMOS applications, as it facilitates using high-j dielectrics
and metal gates, moreover it has been indicated that the efficiency
of several stress techniques is enhanced after gate removal [1]. On
the other hand, bulk FinFETs are considered for future technology
nodes thanks to their improved electrostatics and scalability [2].
For conventional gate-first schemes, there have been several re-
ports on the compatibility of the FinFET architecture with stress
techniques, such as strained Contact Etch-Stop Layers (CESLs)
and Si1�xGex source/drain stressors [3–5].

When considering the commercial viability of combining gate-
last schemes with FinFET architectures, the compatibility with
stress techniques is of crucial importance. However, to our knowl-
edge there have been little or no reports on this. This TCAD work
focuses on the efficiency of two stress techniques, tensile CESL
and a tensile tungsten gate fill, when used in combination with
short-channel isolated bulk n-type FinFETs, either with a gate-first
or gate-last scheme.

2. Setup

2.1. Simulation overview

All simulations are performed for transistors oriented in the
h011i direction on (100) wafers using Sentaurus-Process, a com-
mercially available CMOS process simulator [6]. Fig. 1 details the
simulation steps used for the gate-last and gate-first processing
schemes. Table 1 shows the default dimensions used and indicates
that the devices under study here are single-fin, isolated (i.e. large
fin and poly pitch), short-channel fin structures. The transistor
width is the main parameter that is varied, between 500 and
10 nm.

A typical fin structure with a gate-last scheme is shown in Fig. 2.
Dirichlet boundary conditions were used at the simulation bound-
aries, i.e. zero velocities in the direction perpendicular to the
boundary plane, while free-standing surfaces have zero normal
stress. For these conditions, simulations of quarter-FinFETs are suf-
ficient. Fig. 2 shows the main stress directions: the longitudinal (zz)
component rzz runs from source to drain, the vertical (xx) compo-
nent rxx is perpendicular to the wafer surface, and the perpendicular
(yy) component ryy runs across the width of the transistor. Tensile
stresses are positive, compressive stresses have negative value.

An intrinsic stress r0 in three dimensions is specified into the
CESL or tungsten stressor. After deposition on a planar Si wafer,
this would lead to a resulting two-dimensional stress r2D given by:
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r2D ¼ r0 �
1� 2m
1� m

ð1Þ

mis the Poisson’s ratio of the stressor (0.3 for CESL/Si3N4, 0.296 for
tungsten). r2D is the value that is typically extracted from wafer
bending experiments.

2.2. Calculating mobility enhancement

This work will attempt to give a first-order, qualitative estimate
of the mobility enhancement that can be expected for a particular
fin dimension. In order to do this, the three stress components
rxx, ryy and rzz are extracted along cutlines, 2 nm below the sur-
face of the top of the fin, or 2 nm beside the fin sidewall (top and
side cutlines, Fig. 2). These components are averaged along the
length of the channel:

rii;av ¼
2
LG

Z
LG=2

rii � dz for ii ¼ xx; yy; zz ð2Þ

LG is the channel length. For each cutline, the average stress compo-
nents rii,av are then combined into ~rav;top;side to calculate the change
in mobility using standard piezoconductance:

@ltop;side ¼ ~P �~rav;top;side ð3Þ

~P is a piezoconductance tensor for h011i/(100) nFET channels,
using the values reported by Smith for electrons in silicon [7].
Depending on the top or the side of the fin, the absolute mobility
is estimated as:

ltopðyÞ ¼ l0;top � ½1þ @ltopðyÞ� ð4Þ
lsideðxÞ ¼ l0;side � ½1þ @lsideðxÞ� ð5Þ

For the unstrained mobilities l0,top and l0, side, values of 240 and
90 cm2/Vs are used, respectively, based on literature values for
electron mobilities of the appropriate surface orientations at an
inversion sheet density of 1 � 1013 cm�2 [8].

The total average mobility is obtained through integration along
the top and the sides of the fin:

ltotal ¼
R

top ltopðyÞ � dyþ 2 �
R

side lsideðxÞ � dx

Wþ 2 � FH
ð6Þ

W and FH are the fin width and height, respectively. The final total
mobility improvement for this fin width and height is then given
by:

@ltotal ¼
ltotal � l0;total

l0;total
ð7Þ

where l0,total is the averaged unstrained mobility:

l0;total ¼
l0;top �Wþ 2 � l0;side � FH

Wþ 2 � FH
ð8Þ

Fig. 1. Simulation steps for gate-last (left) and gate-first (right) simulations.
PMD = Pre-metal dielectric.

Table 1
Overview of fin dimensions used in this work. Other dimensions and thicknesses are
specified in Fig. 1.

FinFET type Bulk FinFETs

Fin height (FH) 35 nm or 0 nm (i.e. planar)
Fin width (W) 500 ? 10 nm
Gate length (LG) 20 nm
Spacer width 15 nm
Poly pitch 500 nm
Fin pitch Fin width + 200 nm

Fig. 2. Cross-section of a 200 nm-wide fin with a gate-last module.

Fig. 3. Stress contours in a 200 nm-wide FinFET with a gate-first scheme, for the
case of a 10 nm-thick CESL with +2 GPa intrinsic tensile stress. The gate and spacer
regions have been omitted from this view. (Top) Longitudinal stress. (Bottom)
Vertical stress.
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