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the future scalability of strained Si MOSFETs in the ballistic
or the past four decades, geometric scaling of silicon
regime and nanoscale CMOS.
(Si) complementary metal-oxide semiconductor
(CMOS) transistors has enabled not only an exponential increase in circuit integration density (Moore’s
PHYSICS OF STRAINED Si
law), but also a corresponding enhancement in the transistor
Strained Si has been studied for 50 years, but only recently
performance itself. Simple metal-oxide semiconductor fieldhave some of the subtleties of carrier transport in a strained
effect transistor (MOSFET) geometric scaling has driven the
two-dimensional (2-D) MOSFET inversion layer been fully
industry to date. But as the transistor gate length drops to 35
understood or appreciated [5]–[8]. The carrier mobility is
nm [1]–[3] and the gate oxide thickness
given by
drops to ∼1 nm, physical limitations, such
qτ
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µ = ∗,
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as off-state leakage current and power
m
and
Scott
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Thompson
density, make geometric scaling an
increasingly challenging task. To continue
where 1/τ is the scattering rate and m∗
CMOS device historical performance improvement, the indusis the conductivity effective mass. Strain enhances the mobiltry needs a new scaling vector. Starting with the 90-nm techity by reducing the conductivity effective mass and/or the
nology generation, mobility enhancement through uniaxial
scattering rate. For electrons, both mass and scattering
process-induced strained Si has emerged as the next scaling
changes are generally accepted as important for mobility
vector being widely adopted in logic technologies [1], [3], [4].
enhancement [9]. However, for holes, only mass change due
This article is targeted as an introduction to the physics of
to band warping and repopulation [7] plays a significant role
strained Si and the current state of the art in uniaxial strained
at today’s manufacturable (<1 GPa) stress level since strainSi MOSFET. The first part of the article explains how strain
induced valence band splitting is smaller than that for the
alters the valence and conduction band of Si as well as scatterconduction band. Furthermore, though there has been much
ing rates. This is followed by a review of state-of-the-art
focus on reduced in-plane mass to increase mobility, increasstrained techniques being implemented in 90- and 65-nm proing the out-of-plane mass for electrons and holes is now
cess technologies. Finally, we conclude with a discussion of
understood to be equally important for maintaining the
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1. MOSFET schematic device cross section (standard orientation).

mobility enhancement at high vertical fields (see Figure 1 for
definition of in- and out-of-plane).
We first explain electron transport in strained Si. Then we
cover hole transport, which, until recently [7], was less well
understood but has some interesting physics with practical
implications. For electron transport in bulk Si at room temperature, the conduction band is comprised of six degenerate
valleys, as shown in Figure 2(a). These valleys are of equal
energy, as shown by 6 in Figure 2(b). The degeneracy
reflects the cubic symmetry of the Si lattice. The effective
mass for any direction is the reciprocal of the curvature of the
electron energy function in that direction. Consequently, the
effective mass of each ellipsoid is anisotropic, with the transverse mass (perpendicular to the axis) given by mt = 0.19 mo
being significantly smaller than the longitudinal mass (parallel to the axis) given by ml = 0.98 mo , where mo is the free
electron mass. For unstressed bulk Si, the total electron conductivity mass, m∗ , is obtained by adding the contributions of
the six degenerate valleys and is given by
m∗ =

    −1
4
1 2
+
.
6 ml
mt

(2)

mass (mt = 0.19 mo ) and out-of-plane longitudinal mass
(ml = 0.98 mo ). For a given strain, quantifying the effective
mass reduction and comparing it to the enhanced mobility
reveals that mass reduction alone explains only part of the
mobility enhancement [10]. Hence, electron scattering must
also be reduced due to the conduction valleys splitting into
two sets of energy levels, which lowers the rate of intervalley
phonon scattering between the 2 and 4 valleys. Quantifying the improvement due to scattering has been difficult
using acceptable scattering parameters, but reduced scattering is still believed to account for the rest of the mobility
enhancement [9]. Many types of stress increase the electron
mobility via increased population in the 2 valley; in-plane
biaxial and uniaxial tensile and out-of-plane uniaxial compressive stress are some examples.
For holes, the valence-band structure of Si is more complex
than the conduction-band. It is this complex band structure as
well as valence-band warping under strain that results in a
much larger hole than electron mobility enhancement. These
two factors are also the reason strained p-MOSFETs are a key
focus in advanced logic technologies. The band warping is also
responsible for the fact that different types of strain (namely,
the technologically important biaxial tensile and uniaxial compressive stress) behave differently. For unstrained Si at room
temperature, holes occupy the top two bands: the heavy and
light hole bands. The unstrained constant energy surfaces for
the two bands are shown in Figure 3(a), and they highlight the
large heavy hole mass along the < 110 > direction (common
MOSFET channel orientation). With the application of strain,
the hole effective mass becomes highly anisotropic due to band
warping, and the energy levels become mixtures of the pure
heavy, light, and split-off bands. Thus, the light and heavy hole
bands lose their meaning, and holes increasingly occupy the
top band at higher strain due to the energy splitting. The
warped top two bands are shown in Figure 3(b), (c), and (d) for
the three most common types of stresses studied by the industry (biaxial tensile and longitudinal uniaxial compressive stress
on (100) [6], [11] and (110) wafers [12]). Important to achieving high hole mobility is a low in-plane conductivity mass for

For MOSFETs on a (001) wafer, advantageous strain removes
the degeneracy between the four in-plane valleys (4 ) and the
two out-of-plane valleys
(2 ) by splitting them
Kz
Kz
in energy, as shown in
mI
Figure 2(b). The lower
Kx
Kx
∆2
mt
energy of the 2 valleys
means that they are
preferentially occupied
Ky
Ky
∆4
by electrons. The electron mobility partly
∆4
improves via a reduced
∆6
∆2
in-plane and increased
Unstrained Si
Strained Si
out-of-plane m∗ due to
(a)
(b)
the favorable mass of
the 2 valleys, which
2. (a) Ellipsoids of constant electron energy in reciprocal (“k”) space, each corresponding to one of the degenerate
conduction band valleys. For this case, the four orange-colored valleys are in the plane of the Si and the two greenresults in more eleccolored valleys are out of the plane. (b) Energy level at the bottom of the six conduction band valleys. Application of
trons with an in-plane
advantageous strain splits the energy level as shown, removing the degeneracy (i.e., the equivalence in energy)
transverse effective
between the 2 and 4 valleys.
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centration in the top band for compressive stress on a (100)
wafer. The increased density-of-states has some effect on the
acoustic phonon scattering rate, which is proportional to
mDOS 3/2 , but a much smaller effect compared to the in-plane
conductivity mass change due to band warping and repopulation. The relative importance of changes in the hole scattering
rates for stress less than 1 GPa is debatable, but since biaxial
wafer bending [7] and biaxial wafer base stress show negligible
mobility enhancement in this range, and mass change is
known to be small from band calculations, one can conclude
that the scattering changes are small.
Lastly, as seen in Figure 3(d), for biaxial tensile stress, the
out-of-plane mass (z/< 001 > direction [13]) for the second
band is larger than that for the top band (the opposite is true
for uniaxial compressive stress). Biaxial stress creates a
smaller out-of-plane than in-plane top band mass. Figure 5
summarizes the key features for the top band in the simple 2D energy versus k diagram. This light, top band, out-of-plane
mass for biaxial tensile stress creates an interesting effect for
carrier transport in the 2-D MOSFET inversion layer. It also
explains why, for biaxial tensile stress, the
mobility enhancement is lost at high vertical
Stress
fields, which is not so for the uniaxial stress
(c)
(d)
discussed in this article.

the top band (i.e., a narrow width to the constant energy
surface along the channel direction < 110 >). This is due to the
difficulty, at manufacturable stress levels, of significantly
enhancing hole mobility through reduced intervalley scattering. Hole intervalley scattering is not significantly reduced for
stress less than 1 GPa since the band splitting is less than the
optical phonon energy (60 meV). Splitting greater than 60 meV
and stress greater than 1 GPa are necessary to appreciably suppress intervalley phonon scattering (see Figure 4).
In addition to a low in-plane mass, a high density-of-states
in the top band and enough band splitting to populate the top
band are also required. As seen in Figure 3(b) and (c), the narrow constant energy surface in the channel direction for uniaxial compression on both (100) and (110) wafers creates a
very desirable mass (40% smaller in-plane mass as compared
to biaxial tensile stress). Both types of uniaxial stress create a
high density-of-states, but only longitudinal uniaxial compressive stress on a (100) wafer creates a large 2-D density-ofstates in the plane of the MOSFET (due to the larger mass
along < 1, −1, 0 >). This helps to maintain a high hole conUnstressed
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3. Hole constant energy surfaces at 25meV obtained from six band kp calculations for
common types of stresses: (a) unstressed, (b) longitudinal compression on (100) wafer, (c)
longitudinal compression on (110) wafer, and (d) biaxial tension.
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4. Simplified schematic of the hole intervalley phonon scattering process. High stress and
splitting larger than the optical phonon energy (60 meV) are required to suppress scattering.
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IMPORTANCE OF A LARGER OUT-OFPLANE MASS FOR THE TOP VERSUS
THE SECOND BAND
In a MOSFET, 2-D surface confinement in the
inversion layer also shifts the valence bands
and the conduction valleys. Whether the confinement-induced shift increases 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). 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. Figure 6 shows the 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 out-of-plane
mass for biaxial stress (relative to the second
band). Hence, the top band will have a small
shift in energy due to confinement for uniaxial
stress, but a large shift for biaxial stress. Esecond
represents the second band. As seen in the figure, the stress-induced band splitting
(Etop − Ebottom ) increases for uniaxial stress
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but decreases for biaxial tensile stress. Thus,
strain favors occupation of the top band for
both types of stresses. Confinement, however, favors occupation of the top band for
uniaxial compressive stress and the second
band for biaxial tensile stress. The net effect
is strain and confinement are additive for
uniaxial compressive stress but subtractive
for biaxial tensile stress. The competing
effects of strain and surface confinement on
the band splitting are a factor in the loss in
mobility enhancement in biaxially strained
Si p-MOSFETs at high electric fields. For
uniaxial stress, this increased valence band
splitting with confinement maintains the
stress-enhanced mobility at high vertical
fields; it is one of the key reasons uniaxial
stress is being widely adopted [4], [14], [15].
For completeness, in n-MOSFETs at high
electric fields, the out-of-plane mass for the
2 valleys is high because, in the out-ofplane direction, the mass is given by the
longitudinal mass (ml = 0.98 mo ). Hence,
the band splitting for NMOS at high electric
fields is preserved.

STATE-OF-THE-ART
STRAIN TECHNOLOGIES
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5. Simplified valence band energy versus k diagram for strained Si under longitudinal uniaxial
compression and biaxial tension.
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6. Simplified schematic of valence band splitting of strained Si as a function of gate overdrive.

Two basic approaches exist for implementing strain on MOSFETS: a global
Gate
approach, where stress is introduced
across the entire substrate, and a local
STI
approach, where stress is engineered into
the device by means of epitaxial layers
Si Recess Etch
and/or high-stress nitride capping layers.
45 nm
Most of the pioneering work on strained Si
Gate
has focused on biaxial global stress using a
wafer-based approach of a thin strained Si
Si1-xGex
layer on a thick relaxed SiGe virtual subSTI
Si1-xGex
strate. However, for first- and second-generation strained Si MOSFETs [4], [14],
SiGe Epitaxial Growth
p-Type MOSFET
[15], the industry is adopting processinduced uniaxial stress. Uniaxial process(a)
(b)
induced stress (as opposed to biaxial) is
7. (a) Strained Si p-channel MOSFET process flow. (b) TEM cross-sectional view.
being pursued because larger hole mobility enhancement can be achieved at low
In the first approach [4], reported by Intel, Texas Instrustrain and because it results in significantly smaller stressments, and Applied Materials Inc. (and recently by IBM [12],
induced n-channel MOSFET threshold voltage shift [7]. Due
TSMC, and Freescale [11]), a local epitaxial film is grown in
to these and other differences between uniaxial and biaxial
the source and drain regions and introduces uniaxial stress
stress, the highest drive current enhancement on short
into the Si channel. The process flow consists of the following
channel devices for uniaxial stress (1.46 mA/µm and 0.88
steps, as shown in Figure 7(a): the Si source and drain are
mA/µm for n- and p-channel devices, respectively) [2] has
etched, creating an Si recess, and then SiGe (for p-channel)
already significantly surpassed biaxial stress (0.85 mA/µm
or SiC (for n-channel) is epitaxially grown in the source and
and 0.45 mA/µm for n- and for p-channel, respectively) [16].
drain. This creates primarily a uniaxial compressive or tenWe will next describe three state-of-the-art techniques for
sile stress, respectively, in the channel of the MOSFET. For
introducing uniaxial stress in the Si channel.
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FUTURE SCALABILITY OF STRAIN
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8. Dual-stress liner process architecture with tensile and compressive Si
nitride capping layers over NMOS and PMOS, respectively.

17% Ge, 500–900 MPa of channel stress is created, depending
on the proximity of the SiGe to the channel. Impressive
60–90% drive current enhancements on short devices (∼35
nm) have been demonstrated, which offers greater device performance than alternative Si device enhancement concepts,
such as multigates or high-K dielectrics.
A second, less complex technique for introducing strain in the
MOSFET is the use of a tensile and/or compressive capping layer
[17], [18], as shown in Figure 8. The capping films are introduced
either as a permanent layer post salicide, as discussed here, or as
a sacrificial layer before source and drain anneal, as will be discussed next. A dual capping layer approach has been recently
enabled by the creation of very high-compressive and high-tensile stress SiN [19]. SiN layers with more than 2 GPa of tensile
stress and more than 2.5 GPa of compressive stress have recently
been developed by Applied Materials. IBM, AMD, and Fujitsu [17],
[18] have reported a CMOS architecture (see Figure 8) in which
high-tensile and high-compressive Si nitride layers are selectively
deposited on n-MOSFET and p-MOSFET, respectively. This dualstress liner (DSL) architecture creates longitudinal uniaxial tensile and compressive stress in the Si channel to simultaneously
improve both n- and p-channel transistors. The process flow consists of a uniform deposition of a highly tensile Si3 N4 liner post
silicidation over the entire wafer, followed by patterning and etching the film off p-channel transistors. Next, a highly compressive
SiN layer is deposited, and this film is patterned and etched from
n-channel regions. High-stress compressive films can induce
channel stress comparable in magnitude to the first-generation
embedded SiGe in the source and drain. The advantages of dualstress liner flow over epitaxial SiGe are reduced process complexity and integration issues.
Capping layers can also introduce strain into the Si channel
via a stress memorization of the poly-Si gate [20]. 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 polySi gate
3) recrystallization of the poly-Si gate during source/drain
anneal
4) removal of the SiN layer.
After removal of the poly-Si capping layer, some stress remains
in the poly-Si gate and Si channel. n-channel transistor
enhancement of >10 % has been reported with this technique.
■ 22

When pursuing performance features to extend Moore’s law, it
is important to consider how the performance enhancement
scales as the device feature size is reduced. Only device
enhancements that are scalable for two to three generations
will be adopted by the industry. To investigate the scalability
of strain, we start with the classical MOSFET equations for
long-channel devices that show that drain current is proportional to the mobility.


µWCox
V
Vg − Vt − d Vd
L
2
2
µWCox 
=
Vg − Vt .
2L

Id(lin) =

(3)

Id(sat)

(4)

However, as the MOSFET carrier transport becomes ballistic, the carrier transport can best be described by carrier
injection at the source [21]. The drain current in saturation,
Id , is given by
Id(sat) = WCox < υ(0) > (Vg − Vt),

(5)

where υ(0) is the average velocity of carriers at the source
and Cox (Vgs − Vt) is the charge density [21]. In the limit
where channel length goes to zero, υ(0) is the unidirectional
thermal velocity υ T, since the velocity at the beginning of the
channel is set by carriers injected from the thermal equilibrium
source [22]. υ T is given by

υT =

2kB TL
,
π m∗t

(6)

and TL is the lattice temperature. Thus, in the nanoscale
channel limit, the drain current becomes

Id = WCox

2kB TL
(Vg − Vt).
π m∗t

(7)

From (7), it can be seen that strain-induced reductions in the
effective mass will still enhance the drive current in ballistic
MOSFETs, which has been a historical concern for mobilityenhancement techniques.
Furthermore, at strain levels higher than those in state-ofthe-art production today, the effective mass continues to
decline due to increased repopulation of valleys/bands (more
so for holes). Also, at higher strain, the valence band splitting
(∼25 meV at 100 MPa to ∼55 meV at 1 GPa) becomes greater
than the optical phonon energy, which will further enhance
the mobility by a reduction in the scattering rate. Experimental and theoretical work suggests much larger mobility
enhancement is achievable at higher strain. Ratios of stressed
to unstressed mobilities of 4 and 1.7 have been reported
experimentally for holes and electrons, respectively [23]. The
problem of dislocations in the strained layer at higher levels of
strain will have to be addressed by changing thermal cycles
and controlling growth.
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CONCLUSION
Strain introduces advantageous anisotropy in Si by altering its
valence and conduction band structures, which reduces the
effective mass and/or scattering rates. Strain is being adopted
in all high-performance logic technologies. SiGe in the source
and drain, dual stress liners, and stress memorization techniques have all been introduced in state-of-the-art MOSFETS.
Strain will continue to scale well into future logic technology
generations as the MOSFET enters the ballistic regime.
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