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Abstract—This paper reviews the history of strained-silicon
and the adoption of uniaxial-process-induced strain in nearly
all high-performance 90-, 65-, and 45-nm logic technologies to
date. A more complete data set of n- and p-channel MOSFET
piezoresistance and strain-altered gate tunneling is presented
along with new insight into the physical mechanisms responsible
for hole mobility enhancement. Strained-Si hole mobility data
are analyzed using six band k • p calculations for stresses of
technological importance: uniaxial longitudinal compressive and
biaxial stress on (001) and (110) wafers. The calculations and
experimental data show that low in-plane and large out-of-plane
conductivity effective masses and a high density of states in the top
band are all important for large hole mobility enhancement. This
work suggests longitudinal compressive stress on (001) or (110)
wafers and 〈110〉 channel direction offers the most favorable band
structure for holes. The maximum Si inversion-layer hole mobility
enhancement is estimated to be ∼ 4 times higher for uniaxial stress
on (100) wafer and ∼ 2 times higher for biaxial stress on (100)
wafer and for uniaxial stress on a (110) wafer.

Index Terms—CMOS, enhanced mobility, strained-silicon.

I. INTRODUCTION

THE END OF simple scaling for a solid-state device tech-
nology is not new. Scaling of the bipolar junction tran-

sistors (BJT) ended in the 1990s for various reasons: voltage,
base width, and power-density limits. Material changes could
have been used to further improve BJTs; however, the industry
moved to CMOS devices. Now, more than a decade later,
conventional CMOS is reaching its scaling limits. However,
this time, there is no new device to compete or potentially
replace the industry work horse. Carbon nanotubes and silicon
nanowires are lead contenders but have yet to achieve commer-
cial success in even a niche logic market (a conceivable require-
ment one to two decades before becoming mainstream). With
the need to maintain historical performance improvements,
feature-enhanced Si CMOS is now recognized as the driver
for the microelectronics industry. The key feature to enhance
90-, 65-, and 45-nm technology nodes is uniaxial-process-
induced stress [1]–[8]. In this paper, we look at the history of
strained-Si, the physics behind some strained-Si experimental
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data, and the state-of-the-art of strained-Si devices in commer-
cial production.

II. HISTORY OF STRAINED-SILICON

The origin of strained-Si to improve CMOS devices can be
traced to thin Si layers grown on relaxed silicon–germanium
(SiGe) substrates in the 1980s [9], [10]. The thin Si layer
takes the larger lattice constant of the SiGe and creates biaxial
tensile stress. Wafer-based substrate strain was experimentally
and theoretically studied by a large number of researchers for
two decades [11]. In the 1990s, two other strained-Si activi-
ties started based on process-induced strain. First, high-stress
capping layers deposited on MOSFETs were investigated as
a technique to introduce stress into the channel [12], [13].
Second, Gannavaram et al. [14] proposed SiGe in the source
and drain area for higher boron activation and reduced external
resistance. It was this embedded SiGe literature that prompted
Intel [3] to evaluate the technology, which resulted in larger
than expected device performance enhancement, which, after
considerable internal debate, was later attributed to uniaxial
compressive channel stress [15]. Still, neither biaxial nor uniax-
ial stress was immediately adopted in CMOS logic technologies
for several reasons. Biaxial stress suffers from defects and
performance loss at high vertical electric fields [16]. Process-
induced stress requires different stress types (compressive and
tensile for n- and p-channel, respectively) to simultaneously im-
prove both n- and p-channel devices. However, inside Intel and
in the industry, strain was becoming recognized as offering the
best potential to enhance performance in sub-100-nm process
technologies (significantly larger performance gain than high-κ
gates, fully depleted silicon-on-insulator (SOI), or multi-gate
devices). The only debate was on the best path to take [17]
(biaxial substrate versus uniaxial-process-induced stress).

Careful analysis of the 1990’s biaxial and uniaxial strained-
Si experimental data suggested that the industry adopt process-
induced uniaxial strain. The key observations are as follows.
First, uniaxial (versus biaxial) stress provides significantly
larger hole mobility enhancement at both low strain and high
vertical electric field due to differences in the warping of the
valence band under strain [18]. Large mobility enhancement at
low strain is important since yield loss via dislocations occurs
at high strain. Second, uniaxial (as compared to biaxial) stress
enhanced mobility provides larger drive current improvement
for nanoscale short-channel devices. This results since the uni-
axial stress-enhanced electron and hole mobility arises mostly
from reduced conductivity effective mass (versus reduced scat-
tering for biaxial stress), since uniaxial shear stress provides
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Fig. 1. Hole constant-energy band surfaces for the top band obtained from six-band k • p calculations for common types of 1-GPa stresses: (a) unstressed,
(b) biaxial tension, (c) longitudinal compression on (001) wafer, and (d) longitudinal compression on (110) wafer (note significant differences in stress induced
band warping altering the effective mass).

significant valence and some conduction band warping. Lastly,
process-induced uniaxial stress causes approximately five times
smaller n-channel threshold voltage shift. Since any threshold
voltage shift needs to be retargeted by adjusting channel doping
(for industry standard poly-Si gate devices on bulk or partially
depleted SOI), the larger threshold voltage shift for wafer
substrate-induced biaxial tensile stress causes approximately
half of the stress-enhanced electron mobility to be lost [19].
Rarely is the stress-induced threshold voltage shift taken into
account in the biaxial tensile-stress mobility data.

With advantages for process-induced uniaxial strain under-
stood, commercial adoption into the 90-nm technology node
soon followed. Two process flows were developed that inde-
pendently target the stress magnitude and direction on n- and
p-channel transistors. The first involved embedded and raised
SiGe in the p-channel source and drain and a tensile capping
layer on the n-channel device. The second uses dual stress
liners: compressive and tensile Silicon Nitride (SiN) for p- and
n-channel devices, respectively. Since both techniques provide
large product level benefits at low cost, process-induced stress
is present in nearly all high-performance logic technologies at
the 90-, 65-, and 45-nm technology nodes for both microproces-
sor and consumer products [2], [4], [5], [8], [20]–[24]. The
industry is now looking at combining various process stressors,
such as compressive SiN layers, embedded SiGe, and tensile-
stress shallow-trench isolation [25]. Performance gains from
the various uniaxial stressors are expected to be mostly additive
[1], [26].

III. PHYSICS AND EXPERIMENTAL DATA

When deciding on a strained-Si process flow, it is first
necessary to comprehend the potential magnitude for electron
versus hole mobility enhancement and whether the mobility
enhancement results from reduced conductivity effective mass
or scattering. Since the valence-band dispersion relationship for

semiconductors depends on nearest neighbor atomic spacing,
certain stress (in particular shear stress) warps the valence
bands (although less so for conduction band but some warping
for shear stress) [27]. The warping of the valence band provides
dramatic changes to the constant-energy surfaces in k space and
can lead to large hole mobility enhancement via reduced con-
ductivity mass in the channel direction. Mobility enhancement
via reduced mass (as opposed to reduced scattering) is key in
nanoscale MOSFETs and often not appreciated. Only mobility
enhancement from reduced mass (unlike reduced scattering) is
maintained at the very short 15–20-nm channel lengths (35-nm
gate length) devices currently in production [1]–[8]. A strained-
Si flow, which is scalable for multiple technology nodes, thus,
needs to focus on reducing the hole conductivity mass with the
goal of improving the n/p ratio from ∼ 2 to ∼ 1. Therefore,
in this section, we will focus on strain-enhanced hole mobility
from reduced conductivity mass.

As a starting point, it is helpful to visualize the effect of strain
on the valence-band constant-energy surfaces in k space for
bulk Si. Fig. 1 shows the surfaces obtained using six band k • p
and band parameters in [28]. The strain-altered surfaces for the
top two bands are shown at 1 GPa for the common stresses
of interest: longitudinal compression on (001) [4], [5], [20],
[22]–[24], [29] and (110) hybrid wafer orientation [23] and bi-
axial tensile stress [30]. Note from the constant-energy surfaces
in Fig. 1, the heavy and light hole bands lose their meaning
and we label the bands (first, second, etc.) in this paper. Some
important differences in the band structure under the various
stresses at 500 MPa are summarized in Fig. 2 for the in-plane
and out-of-plane conductivity effective masses and density of
states at the band edge. We will refer to Fig. 2 in the next section
during analysis of experimental data.

Before covering strain-altered hole mobility calculations, we
will briefly cover a qualitative model for strained-enhanced
electron mobility since the concepts are similar for elec-
trons and holes. The important concepts to understand are
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Fig. 2. Summary of key valence-band parameters for top and second band for
bulk Si under 500-MPa stress. The conductivity and density of states effective
mass is listed at gamma point. Uniaxial compression is longitudinal along
〈110〉 channel direction (note significant differences for in-plane, out-of-plane,
and density-of-states masses).

strain-induced energy-level splitting, inversion-layer quantum-
confinement energy-level shifts, average mass change due to
repopulation and band warping, two-dimensional (2-D) density
of states, and interband scattering changes due to band splitting.
All of these will be discussed in the following sections. A
simple qualitative model is now presented to gain insight and
to understand the more complex mathematics used elsewhere
[16] and later in this paper. The electron mobility in bulk-
strained-Si along 〈110〉 direction is determined by occupation
and scattering in the ∆2 and ∆4 valleys and can be expressed as

µeff = q

(
τ∆2

n∆2
m∗

t
+ τ∆4

n∆4
m∗

l

)
(n∆2 + n∆4)

(1)

where q, n, τ , and m are the electron charge, concentration,
relaxation time, and conductivity mass in the MOSFET
channel direction, respectively. Strain improves the mobility
by increasing the electron concentration in the ∆2 valley. The
repopulation improves the average in-plane conductivity mass
(unstressed: mt = 0.19m0 versus ml = 0.98m0) and some
further improvement is possible for stresses that warp the con-
duction valleys and lower mt [27]. Reduced intervalley scat-
tering by the strain-induced splitting between ∆2 and ∆4 plays
some role (enhances long channel mobility) when the splitting
becomes comparable or larger than the optical phonon energy.

In addition to a low in-plane mass, a high out-of-plane
mass for the ∆2 valley electron is equally important since
carrier motion perpendicular to the SiO2 interface (taken as
the z-direction in this paper) is quantized. This quantization
in addition to strain alters the position of the energy levels.
The quantization leads to bands becoming subbands since only
discrete wave vectors kz are allowed. Including quantization,
the total inversion-layer electron energy is given by discrete
values of energy (En) added to the electron energy in the
x- and y-directions (in the plane of the MOSFET) [31]

E = En +
�k2

x

2mx
+

�k2
y

2my
. (2)

Fig. 3. Conduction valley energy-level splitting under 500 MPa of longitu-
dinal uniaxial tensile stress: Bulk and MOSFET inversion layer (1 MV/cm).
Note that energy-level splitting from inversion-layer confinement is larger
than strained.

Each step in energy is called a subband with En the energy
of the bottom of the subband. As an example, self-consistent
solution of Schrödinger and Poisson equation for 500 MPa of
uniaxial tensile stress and an inversion-layer vertical field of
1 MV/cm gives the energy levels, as shown in Fig. 3. Since the
subband separation is greater than kT , nearly all the electrons
in most cases occupy the bottom two subbands [ground state
n = 0 typically called Eo (from ∆2) and Eo′ (from ∆4)]. The
ground state energy is significantly lower for the ∆2 valleys
because of the higher quantization mass (∆2 : mz = 0.98m0

versus ∆4 : mz = 0.19m0) which leads to increased splitting
between the bottom two subbands and confinement and strain
splitting being additive (for the common biaxial and uniaxial
tensile stress). Note, the strong confinement in an MOSFET
shifts the energy levels more than the moderate ∼ 500-MPa
stress typically used in present-day production logic technolo-
gies. Thus, a high out-of-plane mass in the bottom subband (top
subband for holes) is an important requirement for the strain-
altered band structure.

Lastly, in addition to a low in-plane and high out-of-plane ef-
fective mass, a high in-plane mass perpendicular to the channel
direction is also important. The density of states per unit area
for the quantized system is (2/(2π)2)(√mxmy/mo)dkxdky ,
which results in the density-of-states mass approximated by
m2D

DOS = √
mxmy . Though strain does not significantly alter

the electron subband density of states, as discussed next, a high
m2D

DOS will be shown to be important for maintaining a hole
concentration in the top subband.

Similar to strained-enhanced electron mobility, hole mobility
in an inversion layer can qualitatively be described as resulting
from occupation and scattering in the top two bands

µeff = q

(
τtop

ptop
m∗

top,110
+ τ2nd

p2nd
m∗

2nd,110

)
(ptop + p2nd)

. (3)

However, hole transport is more complicated since strain sig-
nificantly warps the valence band (as seen in Fig. 1) altering
both the in- and out-of-plane mass and m2D

DOS. Further, the
mass changes with stress and is not constant in k space. After
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the previous discussion on strain-enhanced electron transport,
an advantageous strain for holes needs to warp the valence
band to create both a low in-plane and high out-of-plane mass
and, if possible, a large mass in the plane of the MOSFET
perpendicular to the channel direction (creates a large m2D

DOS).
Band calculations and measurements to be discussed next show
that uniaxial stress warps the valence band creating most of
these features. In this paper, the strain-altered band structure is
calculated using six band k • p, including quantum confinement
via a self-consistent solution of Schrödinger and Poisson equa-
tion [32], [33]. The mobility is calculated by a linearization of
the Boltzman transport equation. The numerics confirm that the
simple qualitative model captures much of the essential physics
for understanding the physical mechanisms for mobility
enhancement.

However, a note of caution regarding strained-Si modeling is
in order. Historically, it has been difficult to predictively model
strain-enhanced mobility due to the uncertainty in the inversion-
layer scattering parameters [16], [34], [35] and numerical
complexity that forces drastic early analytic approximation
[16]. Using the conventionally accepted scattering parame-
ters, electron and hole mobility enhancements are significantly
under- and overpredicted, respectively [16], [35]. Also, the
technologically important difference in the field dependence
of the hole mobility enhancement for uniaxial compression
and biaxial tensile stress was not predicted but first observed
experimentally [18]. As a result, in Sections III-A–D, we use
both modeling and experimental data to draw insight.

A. Mobility Enhancement at Low Strain

Because of the previously discussed modeling difficulties,
the most effective approach at predicting and understanding
strain-enhanced electron and hole mobility for the industry
[16], [18] has been the empirically measured piezoresistance
coefficients. To date, bulk piezoresistance coefficients have
primarily been used even though differences are expected
for a MOSFET resulting from inversion-layer quantization.
Piezoresistance coefficients (generally extracted at low strain
and low field) have the added benefit of capturing mobility
enhancement primarily resulting from changes in conductivity
mass. Fig. 4(a) shows a more complete set of piezoresis-
tance coefficients extracted on industrial long n- and p-channel
MOSFETs for cases of technological importance to the semi-
conductor industry: 〈110〉 and 〈100〉 channel orientations on
(001) and (110) wafers. Since process strain is typically in-
troduced longitudinal or perpendicular to the channel, the
mechanical stress effect on the mobility is expressed as fol-
lows: ∆µ/µ ≈ |π‖σ‖ + π⊥σ⊥|. ∆µ/µ is the fractional change
in mobility, σ‖ and σ⊥ are the longitudinal and transverse
stresses, and π‖ and π⊥ are the longitudinal and transverse
piezoresistance coefficients expressed in Pa−1, respectively. π‖
and π⊥ can be expressed in terms of the three fundamental
cubic piezoresistance coefficients π11, π12, and π44 for a (001)
wafer and five coefficients for a (110) wafer. For comparison,
using the piezoresistance coefficients for bulk [36], and surface
inversion layer extracted in this paper for (001) wafer and
[37] for surface inversion layer on (110) wafer, Fig. 4(b) plots

Fig. 4. (a) Measured long p- and n-channel MOSFET piezoresistance co-
efficients for (001) and (110) wafers compared to bulk Si piezoresistance.
Note the larger difference for bulk and MOSFET with even the sign being
different in some cases. (b) Measured longitudinal pMOSFET piezoresistance
coefficient versus channel direction for (001) (this paper) and (110) [37] wafers.
Note similar magnitude for piezoresistance for both wafers along 〈110〉. Bulk
piezoresistance coefficients are shown for comparison.

the longitudinal and transverse piezoresistance coefficients for
various channel directions.

A few interesting observations can be made from the data
in Fig. 4(a) and (b). For the 〈110〉 channel, the bulk versus
MOSFET coefficients are close but do vary up to ∼ 50%
for the values extracted in this and other works [18], [38].
In some cases, large differences both in magnitude and sign
occur for bulk versus MOSFET piezoresistance (for example
nMOSFET π⊥ for the 〈100〉 channel direction). The large dif-
ferences result, particularly for an nMOSFET, since the quanti-
zation splitting is large (see Fig. 3) and alters the conductivity
mass change that occurs for strain induced repopulation in a
nMOSFET versus bulk n-Si. The hole piezoresistance coeffi-
cient is largest for longitudinal compression along 〈110〉 for
both (001) and (110) wafers consistent with the industry primar-
ily using 〈110〉 channel direction in strained-Si technologies
[4], [22], [29]. The hole piezoresistance coefficients can be
qualitatively understood from the band warping in Fig. 1 and
(3). The large piezoresistance for longitudinal compression
stress on (001) and (110) wafers with 〈110〉 channel results
from hole repopulation into a top band with a very small mass
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Fig. 5. Hole occupancy in top band versus stress (for three types of stress:
Longitudinal compression on (001) and (110) wafers and biaxial tension). Low
top-band hole occupation at larger stress for compression on (110) wafer is due
to the low density of states in top subband.

(∼ 0.12mo at 1 GPa). Biaxial tensile stress is less effective at
enhancing hole mobility since the mass in the top band is 40%
larger. An important question for the industry is the additivity
of strain enhancement and the higher unstressed mobility on
hybrid (110) orientated wafers. The data in Fig. 4 suggest
(at least at low strain (< 100 MPa) where the data in Fig. 4
is measured) that the mobility enhancement from strain and
(110) orientation are mostly (but not fully) additive since the
piezoresistance coefficient is ∼ 20% smaller on a (110) versus
(001) wafer. The slightly lower piezoresistance for a (110)
wafer partly results from a low density of states in the top
subband due to the small in-plane mass perpendicular to the
channel direction, as seen in Fig. 1 and discussed next.

To maintain a large hole population in the top band, both
band splitting (by strain and confinement) and a large density
of states in the top band are important. The importance of a
large density of states is commonly not appreciated in some of
the novel low density of states narrowband gap III-V materials
[39] and carbon nanotubes [40] since not just a large mobility
but a large inversion charge density is also required for large
current drive. Fig. 5 plots the percentage of holes in the top
band for the various stresses. Though band splitting is larger
for uniaxial compression on (110) versus (000) wafers (due
to confinement), the top band for the (001) wafers is more
heavily populated at high stress due to its larger density of
states. For completeness, at low stress, the top band on the (110)
wafer is more heavily populated because of the large subband
spliting due to confinement on this surface. The low density of
states in kx, ky on (110) wafer can be inferred from the three-
dimensional (3-D) constant-energy surfaces in Fig. 1. Since
confinement also affects the density of states, constant-energy
contours for the various 1-GPa stresses including z-direction
confinement at a typical 1-MV/cm silicon vertical field are
plotted in Fig. 6. The 2-D density of state mass is extracted from
the constant-energy contours and shown in Fig. 7 as a function
of stress. As seen in Fig. 7, approximately three times higher
2-D density of states occurs for compressive stress on (001)
versus (110) wafers. The magnitude of the density of states

Fig. 6. 2-D constant-energy contours for the top band using six-band k • p
calculations including quantum confinement of 1 MV/cm. Applied stress is
1 GPa in x−y plane for biaxial and compressive along 〈110〉 channel direction
for uniaxial. Similar to the constant-energy surfaces in Fig. 1, plots show the
lowest 2-D density of states in kx, ky (inversion layer) for (110) wafer.

Fig. 7. Comparison of 2-D density-of-states mass for the top subbands for
different stresses versus stress. Note that the uniaxial compression on (110)
wafer has a very low density of states for the top subband.

will be shown in Section III-D to play an important role in the
maximum mobility enhancement.

B. Stress-Altered Gate-Leakage Current

In addition to strain altering the in-plane mass and enhanc-
ing electron and hole mobility, strain also alters the out-of-
plane mass and SiO2/Si barrier height, which changes the
gate tunneling current. The tunneling-current modulation by
uniaxial stress has been reported in [41]. The out-of-plane
mass is altered by band warping and/or repopulation and
plays an important role [42]–[44] since it affects the tunneling
probability. To understand the strain-altered out-of-plane mass,
the strain-altered gate leakage is measured on n- and p-type
MOSFETS at 1.0 V for the commonly used stresses (shown
in Fig. 8). In Fig. 8, the gate current decreases for tensile
and compressive stress for electrons and holes, respectively.
Decreased gate leakage is observed for stresses that increase the
population in a subband with an increased out-of-plane mass.
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Fig. 8. Change in n- and p-MOSFET direct tunnel gate-leakage current
versus stress. Note all types of compressive stress (biaxial, longitudinal, and
transverse) decrease the hole tunneling current. Tensile stress decreases electron
tunneling current. Industry has implemented stresses that decrease tunnel
current since this provides mobility enhancement at high vertical fields.

For examples, 1) biaxial and uniaxial tensile stresses increase
the electron population in the ∆2 valleys that have a high out-
of-plane mass resulting in reduced electron tunneling current;
2) uniaxial compressive stress decreases the hole tunneling
by increasing the population of holes with a higher out-of-
plane mass for both (100) and (110) wafers (see Fig. 2); and
3) conversely, biaxial tensile stress creates a low out-of-plane
mass for the top valence subband, which results in increased
hole tunneling current (see Fig. 2). Interestingly, the gate-
leakage current is observed to decrease for the types of stresses
adopted by the industry (tensile and compressive stress for n-
and p-MOSFETs, respectively). One reason to be discussed
next is the additivity of strain and confinement splitting since
the additivity and reduced leakage both depend on a large out-
of-plane mass in the top subband for holes and bottom subband
for electrons.

C. Mobility Enhancement at High Vertical Fields

In a MOSFET, the 2-D surface confinement in the inversion
layer also shifts the valence bands and the conduction valleys
[16], [45], [46]. Whether the confinement-induced shift adds to
or reduces (cancels) the strain-induced splitting simply depends
on the magnitude of the out-of-plane masses (valence-band
splitting is more complicated but this simple model captures
the essential physics) [47]. Bands or valleys with a “light” out-
of-plane mass will shift more in energy relative to bands with a
“heavy” mass (similar to the increasing ground state energy of
a quantum well as the particle mass decreases). Hence, when
the top most occupied band (or valley) has a lower out-of-
plane mass compared to the next occupied band, the splitting
is reduced or lost with surface confinement. Fig. 9 pictorially
shows the valence-band energy-level shift with confinement for
both uniaxial and biaxial stress. Etop represents the top band
with large out-of-plane mass for uniaxial stress and small for
biaxial stress (relative to the second band with masses given in
Fig. 2). Hence, the top band will have a small shift in energy
due to confinement for uniaxial stress but large shift for biaxial
stress. Esecond represents the second band. As seen in Fig. 9,

Fig. 9. Simplified schematic of valence-band splitting of strained-Si as a
function of gate overdrive. Note that the net band splitting from strain and
confinement is additive for uniaxial compressive stress but subtractive for
biaxial tensile stress.

the stress-induced band splitting (Etop − Ebottom) increases
for uniaxial stress but decreases for biaxial tensile stress. Thus,
although strain favors occupation of the top band for both types
of stresses, confinement favors occupation of the top band for
uniaxial compressive stress and the second band for biaxial
tensile stress. The net band splitting from strain and confine-
ment is additive for uniaxial compressive stress but subtractive
for biaxial tensile stress. The competing effects of strain and
surface confinement on the band splitting is the reason for
the loss in mobility enhancement in biaxially strained-silicon
p-MOSFETs at high electric fields. The undesirable light out-
of-plane mass created by biaxial tensile stress occurs in other
material systems, such as Ge and III-V materials, and presents
a fundamental problem in using this type of strain in inversion-
layer MOSFETs (dominant device type due to superior scaling
properties).

The above qualitative discussion uses bands and out-of-plane
masses and is presented only to help understand the physics.
Correct physical treatment requires self-consistent solution to
Schrödinger’s and Poisson’s equations to calculate the subband
energy shifts in the confined MOSFET inversion layer. To show
that the simple qualitative model captures the correct physics,
we quantify the above discussion with quantum–mechanical
calculations and confinement-induced subband splitting calcu-
lated in three ways: one [31], four [28], and six [16] band mod-
els with Schrödinger’s equation. Fig. 10 shows how the splitting
at a fixed stress of 500 MPa is altered versus the vertical electric
field (expressed as hole concentration). For all models, surface
confinement and strain band splitting are additive for uniaxial
compressive stress but subtractive for biaxial tensile stress.

D. Maximum Strained Enhanced Hole Mobility

As previously discussed, the best quantitative predictor for
strain-enhanced mobility comes from the piezoresistance co-
efficients. However, as higher levels of stress are integrated
into production logic technologies, caution in using piezoresis-
tance coefficients is needed since piezoresistance should not be
expected to vary linearly with stress above ∼ 250–500 MPa.
When evaluating the various stress options, it is also important
to comprehend the maximum possible mobility enhancement.
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Fig. 10. Valence energy band splitting calculated using three different mod-
els versus inversion charge density for longitudinal compression and biaxial
tension stress. Note that all models show the net band splitting from strain,
and confinement is additive for uniaxial compressive stress but subtractive for
biaxial tensile stress.

Fig. 11. Calculated and experimental data for longitudinal compressive and
biaxial tensile-stress-enhanced mobility versus stress (Biaxial stress = σX +
σY ). Note that the maximum predicted Si inversion-layer hole mobility en-
hancement is estimated to be ∼ 4 times higher for uniaxial stress on (100)
wafer and ∼ 2 times higher for biaxial stress on (100) wafer and for uniaxial
stress on a (110) wafer.

This section provides such a prediction for uniaxial-process-
induced stress on (001) and (110) wafers relying heavily on
experimental data due to the uncertainty in scattering rates.
To date, unlike biaxial stress [48], limited data exist for the
maximum mobility possible for uniaxial stress. In this paper,
we used a set of scattering parameters that fit the experimental
data for hole mobility enhancement under biaxial tensile stress
[16]. The calculations include acoustic and optical phonon and
surface roughness scattering. This set of scattering parameters
shows that the dominant mechanism responsible for biaxial
tensile-stress mobility enhancement (at large stress) is reduced
optical phonon scattering. Acoustic phonon scattering is only
slightly altered due to the changes in the density of states.
Surface roughness scattering is slightly changed by stress but
uncertainty exists in the literature [16], [49], [50], and more
work is needed especially for the (110) substrate. The cal-
culations, in this paper, for biaxial stress are consistent with
the previous work [16], although in this paper, Schrödinger’s

and Poisson’s equations are solved self-consistently. The model
fit to the biaxial tensile-stress experimental data is shown
in Fig. 11.

Using the same scattering parameters, mobility enhancement
for uniaxial stress on (001) and (110) wafers is calculated, as
shown in Fig. 11, and compared to uniaxial stress data from
[11], [22], and [38]. The mobility calculations use the full six-
band subband structure and Kubo–Greenwood linearization of
the Boltzmann equation [16]. Where data exist (0 to ∼ 600 MPa
for uniaxial stress), the model shows good agreement. The max-
imum predicted Si inversion-layer hole mobility enhancement
is estimated to be ∼ 4 times higher for uniaxial stress on (100)
wafer and ∼ 2 times higher for biaxial stress on (100) wafer
and for uniaxial stress on a (110) wafer. The larger maximum
mobility enhancement on a (001) wafer results from the high
density of states in the top band, as discussed previously but
scattering differences also play a role. Scattering differences for
various substrate orientations and stresses should be expected
as captured in analytical scattering expressions.

First, for the acoustic phonon in the 2-D inversion layer, the
scattering time τac is expressed as [16], [49], [51]

1
τac

=
D2

acbmnm
2D
DOSkBT

�3ρu2
l

∝
(
m2D

DOS

)
(4)

where Dac = 3.1 eV [52] is the acoustic deformation potential
constant of the valence band, m2D

DOS is the density-of-state
effective mass, ρ is the density, and ul is the longitudinal
sound velocity. The constant bmn =

∫ w

0 dz|ψm
k̄

(z)|2 · |ψn
k̄
(z)|2

is the form factor that defines the transition from initial state
m to final state n, and 2/bmm represents the effective well
width for the m-th subband [50]. Since the acoustic phonon
energy is very small compared to the subband splitting, the
acoustic phonon scattering mainly occurs via intraband scat-
tering. Thus, stress-induced band splitting only weakly affects
the acoustic phonon scattering time [18], [53]. As seen from
(4), an increased density-of-states will decrease the acoustic
phonon scattering time, which is proportional to m2D

DOS. For
uniaxial stress on a (100) wafer with a high density of states
in the top band, this slight negative effect on mobility (at least
for uniaxial stress on (001) wafer) is offset by the high hole
density in the top band having a light conductivity mass in the
channel direction.

Second, the optical phonon scattering time τop is [18], [50],
[51], [53]

1
τop

=
m2D

DOSbmnD
2
op

2ρω0�2

×
[
Nq ×

1 − f(ε+ kBΘ − ∆E)
1 − f(ε)

+ (Np + 1) × 1 − f(ε− kBΘ − ∆E)
1 − f(ε)

]
(5)

where ∆E is the band splitting energy, Dop = 10.5 ×
108 eV/cm [54] is the optical deformation potential constant
of the valence band, f(ε) is Fermi–Dirac distribution func-
tion at energy ε, Θ = 735 K is the Debye temperature, and
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kBΘ = �ω0 = 63 meV is the optical phonon energy [51],
and Nq = [exp(�ω0/kBT ) − 1]−1 = [exp(Θ/T ) − 1]−1 is the
number of phonons from Bose–Einstein statistics. From (5),
strain does not significantly alter hole intervalley scattering
until the subband splitting (∆E) is greater than the optical
phonon energy, kBΘ = �ω0 = 63 meV. For subband splitting
larger than the optical phonon energy, greater than 1 GPa
of stress is required on the (100) wafer since strain induced
valence-band splitting is less than the conduction band. Also,
the correlation between the topmost two subbands bmn under
compressive uniaxial stress (as compared to biaxial tensile
stress) is smaller due to the higher band splitting (strain and
confinement being additive). This causes the scattering rate to
be less for compressive uniaxial than biaxial stress. Lastly, in
addition to strain splitting the band, a high out-of-plane mass
(for top versus second band) causes large subband splitting and
reduces the interband optical phonon scattering rate. This is an
important factor in the reduced scattering for (110) versus (001)
surface devices.

Third, the surface roughness scattering relaxation time τsr
[16], [50] can be expressed as

1
τsr

=
q2E2

effm
2D
DOS

2π�3

2π∫
0

S(q) (1 − cos(θ)) dθ (6)

where Eeff is the transverse effective electric field in the inver-
sion layer and S(q) = πL2∆2/[1 + (q2L2/2)]3 is the power
spectrum of the roughness at the interface. L is the correla-
tion length (L = 2.6 nm) and ∆ is the average step height
(∆ = 0.4 nm). Differences in τsr for various stresses and sub-
strates result from changes in the density-of-states and location
of the inversion layer charge from the SiO2 interface. There is
also a fair amount of uncertainty in surface roughness scattering
particularly on a (110) wafer since the commonly used univer-
sal mobility versus effective oxide field Eeff applies only to the
(100) substrate [55], [56]. However, one can conclude since
the effective well width depends heavily on the out-of-plane
effective mass for each subband, the top subband for a (110)
devices, having a very large out-of-plane effective mass (see
Fig. 2), will lead to carriers significantly closer to the interface
and greater surface roughness scattering.

IV. STATE-OF-THE-ART STRAINED-SILICON TRANSISTORS

This section describes three techniques used in commercial
90- and 65-nm logic technologies to introduce uniaxial stress
into the Si channel. The techniques in production include high-
stress tensile and compressive SiN capping layers and selective
epitaxial SiGe deposited in recessed/raised source and drains.
Future techniques for process stress or mobility enhance-
ment include tensile shallow trench oxide, embedded SiC for
n-MOSFETs and hybrid orientated (110) wafers [57]. One key
scaling advantage of process stress is the increasing channel
stress for decreasing channel length. Fig. 12 shows the longitu-
dinal channel stress for a fixed SiN layer versus channel length
obtained using FLOOPS [58]. As seen in Fig. 12, reducing the
channel length below ∼ 100–150 nm causes a dramatic increase

Fig. 12. Stress in the center of channel for 70-nm 1.6-GPa SiN versus gate
length. Note that the process-induced-stress has the unique feature of increased
stress as the channel length is scaled (reduced).

in the channel stress and helps process-induced stress scaling
for several technology nodes after the first introduction at
90 nm [15], [22].

The cost to implement the first and second generation process
stressors is low. Process strain only adds a few percent to
wafer cost since comparatively few new process steps are
added (typically existing steps are modified to introduce strain).
Several process flows exist to introduce the epitaxial SiGe into
a MOSFET [6], [22], [25]. The first consists of the steps shown
in Fig. 13(a). The source/drains are etched creating a silicon
recess. Next, SiGe (for p-channel) or SiC for n-channel is
epitaxially grown in the source and drain. First generation em-
bedded SiGe used ∼ 17% Ge to create ∼ 500 MPa of channel
stress. Future generations bring the SiGe closer to the channel
and will likely increase the Ge concentration [6], [21]. Locating
the SiGe closer to the channel will require reduced midsection
thermal cycles to prevent any boron or Ge out diffusion from
the SiGe into the channel. To date, a maximum of ∼ 900 MPa
of stress has been created with embedded SiGe, and impressive
current improvements from 60%–90% have been demonstrated
on short devices (∼ 35 nm) [6], [21].

The second flow [6], [25] integrates the SiGe before the
source and drain, which has some advantages. The SiGe is
closer to the channel, which significantly increases the channel
stress. The removal of the poly-Si gate hardmask without spacer
loss also has a larger process window in this integration flow.
For additional performance, the SiGe can be in situ doped
with boron but this requires a low thermal cycle midsection to
prevent boron out-diffusion.

One scaling concern for embedded SiGe is reduced SiGe
volume in the source/drain [59] on future technology nodes
starting with the 45-nm generation. Reduced SiGe volume
makes it more difficult to increase the channel stress especially
on short channel devices. However, even with reduced SiGe
volume at the 45-nm node, depositing a high-compressive SiN
on top of the SiGe will create > 1 GPa of channel stress and
mobility enhancement > 200%.
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Fig. 13. (a) Strained-Si p-channel MOSFET process flow for the representative stacked gate transistor and transmission electron microscopy cross-sectional
view (source: Chipworks) and (b) dual stress liner process architecture with tensile and compressive silicon nitride capping layers.

Instead of embedded SiGe, dual stress liners (tensile and
compressive capping layers) [5] are also being widely adopted
[2], [6], [7], [22]. The advantages of a dual stress liner flow over
epitaxial SiGe are reduced process complexity and integration
issues. Recent progress in increasing stress of SiN films to
∼ 3.0 GPa for compressive and ∼ 2.0 GPa tensile [1] increases
the attractiveness of this option. The capping films are intro-
duced either as a sacrificial layer before source and drain anneal
[1], [5], [60] or as a permanent layer post-salicide [Fig. 13(b)].
With 2–3-GPa stress in the SiN, a comparable performance to
the first generation SiGe has been demonstrated. The process
flow consists of a uniform deposition of a high tensile SiN liner
post-silicidation over the entire wafer followed by patterning
and etching the film off p-channel transistors. Generally, a thin-
etch stop layer is used under the liner to prevent any damage to
the silicide. With highly selective etches, the etch stop layer can
be < 50 A, which only slightly degrades the stress transfer into
the channel. Next, a highly compressive SiN layer is deposited,
and this film is patterned and etched from n-channel regions.
Design rules need to account that at n/p boundaries, the nitride
stress layer is cut, which relaxes the stress at distances of
approximately a few tenths of micrometers. Also, similar to the
SiGe volume-scaling issue, as the space between the stacked
gates decreases, it becomes harder to transfer stress into the
channel with the stress capping layers, and higher-stress films
are needed.

Capping layers can also introduce strain into the silicon
channel via a stress memorization of the poly-Si gate [7]. In
this approach, a highly tensile nitride capping layer acts as a
temporary stressor. The flow consists of the following steps:
1) poly-Si gate amorphization; 2) deposition of a high-stress
SiN layer on top of the poly-Si gate; 3) recrystallization of
the poly-Si gate during source/drain anneal; and 4) removal

of the SiN layer. After the removal of the poly-Si capping
layer, some compressive stress remains in the vertical direction
since the stress nitride prevents the poly-Si regrowth to expand
upward. The vertical stress introduced via the poly-Si gate
into the Si channel enhances N-channel transistor mobility by
∼ 10 % without degrading or enhancing pMOSFETs.

V. CONCLUSION

The physics and advantages of uniaxial-process-induced
stress are becoming understood. Calculations and experimental
data show that low in- and large out-of-plane conductivity
effective masses, and a high density of states in the top band
are all necessary for large hole and electron mobility enhance-
ment. Paths to implement greater than 1 GPa of process stress
have been identified and mobility enhancements of over 200%
expected. Uniaxial process stress is making Si a high-mobility
semiconductor with mobility competitive with unstrained
III-V materials. With such large improvements in the channel
mobility, the reducing external resistance will need to be an
important focus at the 45-nm technology node and beyond.
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