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Abstract—The authors present a study on the layout depen-
dence of the silicon–germanium source/drain (Si1−xGex S/D)
technology. Experimental results on Si1−xGex S/D transistors
with various active-area sizes and polylengths are combined with
stress simulations. Two technologically important configurations
are investigated: the nested transistor, where a polygate is sur-
rounded by other gates, and isolated transistors, where the active
area is completely surrounded by isolation oxide. The channel
stress, caused by epitaxial Si1−xGex is reduced substantially when
the active area is decreased from a large size towards typical
values for advanced CMOS technology nodes. Nested transistors
with longer gate lengths are more sensitive towards layout scal-
ing than shorter gates. Increasing recess depth and germanium
concentration gives larger channel stress, but does not change
layout sensitivity. Increased lateral etching leads to higher stress,
as well as to reduced layout sensitivity. In small-size transistors,
there exists an optimal recess depth, beyond which the stress
in the channel will not increase further. For isolated transistor
structures, the interaction between Si1−xGex and the isolating
oxide can even lead to stress reduction when the recess depth
is increased. When technology advances, active-area dimensions
will be scaled together with gate lengths and widths. For typical
sizes of advanced silicon CMOS Si1−xGex S/D transistors, simu-
lations indicate that the channel stress can be maintained in future
technology nodes.

Index Terms—MOSFET, SiGe, strained-silicon.

I. INTRODUCTION

ADVANCED silicon MOSFET technology relies heavily
on the use of strained-silicon to boost the performance of

both nMOS and pMOS transistors [1]–[14], since mechanical
stress in a strained-silicon channel can significantly improve
the conduction properties of holes and electrons inside the
inversion layer. One of the most successful techniques for
pMOS performance enhancement is the silicon–germanium
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source/drain (Si1−xGex S/D) transistor, where the silicon of the
S/D regions is etched, and epitaxially refilled with Si1−xGex.
Typical Ge concentrations lie around 20%. The lattice mis-
match between Si1−xGex and silicon creates a large stress
inside the transistor channel. Previous studies indicate that this
stress translates linearly into mobility increase, while for large
stress values, the stress-mobility relation even becomes super-
linear [15], [16]. Moreover, Si1−xGex S/D reduces the S/D
resistance substantially [5], [13], [17]. This combined effect
gives large performance improvements for pMOS transistors
[1], [9], [13], [14].

The performance of Si1−xGex S/D pMOSFETs is mostly
measured on single transistors, i.e., isolated structures with a
large active area. When the Si1−xGex S/D technique is used
in advanced silicon technologies, however, the active-area size
will be significantly smaller than on single transistors, which
may reduce the stress in the channel [2], [7], [18]. In this
paper, the impact of active-area dimensions, channel length,
S/D recess depth, germanium concentration, and Si1−xGex-to-
channel distance on the stress introduced inside the channel
is investigated using experimental results on state-of-the-art
Si1−xGex S/D transistors, combined with stress simulations.

II. EXPERIMENTAL CONDITIONS

PMOS transistors were fabricated with standard CMOS
processing conditions, including a 1.4-nm equivalent oxide
thickness (EOT) SiON gate dielectric and 100-nm polysilicon
gate. Transistors with a gate length down to 45 nm were ob-
tained. After highly doped drain (HDD) implants and activation
anneal, the S/D areas were etched back by either 70 or 120 nm,
and epitaxially refilled up to 40 nm above the original level with
B-doped Si0.8Ge0.2, reaching B levels up to 1 × 1020 cm−3.
The etch and regrowth parameters were tuned to be independent
of the active-area sizes under consideration (Fig. 1). Standard
nickel silicidation and Cu backend concluded the process-
ing [7], [9]. The Si1−xGex S/D performance improvement
of large-active-area transistors with 120-nm recess is 65% at
IOFF = 10−7 A/µm, as compared to reference transistors
(Fig. 2). For 70-nm recess, the ION/IOFF improvement was
found to be 40%.

To investigate the scalability of the Si1−xGex S/D technol-
ogy, dedicated transistor structures have been analyzed, which
will be termed “isolated” and “nested” transistors further on.
The isolated structure [Fig. 3(a)] is a transistor surrounded by
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Fig. 1. Cross section SEM image of a Si1−xGex S/D transistor structure with
an etch depth of 120 nm. The recess etch was optimized to be independent of
layout dimensions. At Lp/p = 250 nm, a small decrease in etch depth can be
measured. The smallest dimension that is electrically evaluated is considerably
larger (Lp/p = 500 nm).

Fig. 2. ION/IOFF plot (|Vdd| = 1 V) of Si1−xGex S/D transistors with
120-nm recess, 70-nm recess, and coprocessed reference transistors. Wide
transistors were measured (W = 10 µm) with large-active-area dimensions
(Ls/d = 10 µm).

shallow trench isolation (STI), where the S/D length Ls/d is
varied. In the nested transistor structure [Fig. 3(b)], the gate
is surrounded by identical gates. In this case, the poly-to-
poly length Lp/p is varied. All measured isolated and nested
transistors in this paper have a width of 10 µm. Ls/d and
Lp/p vary between 10 µm and 500 nm. In advanced CMOS
technologies, however, the specifications for the minimal Ls/d

and Lp/p are considerably smaller than 500 nm. Typical values
for the minimal Ls/d and Lp/p in the 45-nm technology node
are 150 and 100 nm, respectively. To estimate the effectiveness
of the Si1−xGex S/D technology at these small feature sizes,
Taurus-Process stress-simulations of Si1−xGex S/D transistors
have been done [19]. This allows to extrapolate the experi-
mental results to active-area sizes that are used in advanced
chip design.

III. RESULTS

A. Experimental Results

On short-channel length transistors, mobility extraction is
a nontrivial task. Different techniques to extract mobility on
short channel lengths exist, but are hampered by metrology
issues and the assumptions made by the technique. Therefore,
the maximum linear transconductance is preferred in this case

Fig. 3. Top-view drawing of the transistors of this experiment: (a) isolated
structure and (b) nested transistor structure. The directions of the parallel,
vertical and perpendicular stresses are indicated.

as a parameter to experimentally verify the effect of active-
area scaling on Si1−xGex S/D improvements in an easy way.
It should be noted that the thermal budget of the Si1−xGex

S/D epiprocess may slightly alter the doping profiles, leading
to other effective gate lengths as compared to reference devices.
As a consequence, the absolute values of the gm improvements
in Figs. 4 and 6 should be interpreted with care. However,
these Leff variations will not affect the behavior of the per-
formance versus active-area size. The gm improvement for a
certain active-area length is measured versus that of silicon
reference transistors with the same active-area length. This is
done to compensate for active-area-dependent variations other
than Si1−xGex S/D stress, such as polylength variations for
small Lp/ps in the case of nested transistors.

Part of the gm improvement of the Si1−xGex S/D transis-
tors should be attributed to a reduced series resistance. The
dR/dL method was used to estimate the series resistance and
a first-order model was employed to calculate the effect of
series resistance on the transconductance. We estimate that
less that 20% of the transconductance improvement is caused
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Fig. 4. Maximum transconductance improvement (|VD| = 100 mV) of
Si1−xGex S/D nested transistors, over reference transistors with the same mask
length and Lp/p, versus poly-to-poly length. (a) Transistors with a gate length
of 1 µm. (b) Transistors with a gate length of 45 nm. The arrow indicates
the relative reduction of the gm improvement with respect to long active-area
devices for transistors with 120-nm recess.

by series-resistance changes for a polylength of 45 nm. For
a 1-µm polylength, the effect of series resistance on gm is
much smaller, and is estimated to be below 2%. This shows
that the transconductance improvements in Figs. 4 and 6 are
mainly caused by mechanical stress effects. Therefore, the gm

improvement as a function of Ls/d or Lp/p is useful to study
active-area scaling of Si1−xGex S/D transistors.

A transistor with a large active area has a large amount of
epitaxial Si1−xGex stressor in the source and drain areas. The
compressive parallel stress created in the channel, combined
with the effect of a reduced S/D resistance leads to an improved
gm for Si1−xGex S/D transistors. For a channel length of 1 µm,
nested Si1−xGex S/D transistors with an Lp/p of 10-µm and
120-nm recess show more than 40% higher gm than transis-
tors without Si1−xGex S/D [Fig. 4(a)]. For 70-nm recess, the
improvement over transistors without Si1−xGex S/D is around
20% [Fig. 4(a)]. Scaling the channel length brings the Si1−xGex

stressor closer together, which increases the stress. Therefore,
the improvement is much larger for short channels [Fig. 4(b)].

Fig. 5. ION/IOFF plot (|Vdd| = 1 V) of Si1−xGex S/D and reference
nested transistor structures with an Lp/p of 10 µm and 500 nm. Transistor
width is 10 µm.

Scaling down the poly-to-poly length in nested transistors
decreases the relative amount of Si1−xGex stressor material,
and therefore the stress decreases for smaller Lp/ps. For long
channel lengths [Fig. 4(a)], reducing the poly-to-poly lengths
from 10 µm to 500 nm results in a transconductance improve-
ment decrease from 42% to 27% for the largest recess depth,
which means that 36% of the long active-area improvement
is lost at Lp/p = 500 nm. The trend line is not clear for the
shallower recess depth. For short channel lengths, the behav-
ior is qualitatively the same, although less reduction is seen
[Fig. 4(b)]: For 120-nm recess, only 10% of the improvement is
lost when Lp/p scales from 10 µm to 500 nm. Fig. 5 shows the
ION/IOFF performance for nested Si1−xGex S/D transistors
with 120-nm recess and nested reference transistors for two
poly-to-poly lengths. The effect of scaling Lp/p from 10 µm
to 500 nm results in a saturation ION improvement reduction
by 5% at IOFF = 1 × 10−7 A/µm.

Isolated transistors with an Ls/d of 10 µm show about
the same gm increase over transistors without Si1−xGex as
nested transistors with a large active area [Fig. 6(a) and (b)].
Reducing the active-area length in isolated transistors has a
much more pronounced effect than in nested transistors. For
long channel lengths [Fig. 6(a)], scaling Ls/d from 10 µm to
500 nm reduces the transconductance gain from 43% to 19%
for 120-nm recess, and from 22% to 10% for 70-nm recess.
This is a reduction of the performance gain by more than 50%
in both cases. As in nested transistors, the transconductance loss
is less severe for a shorter channel length [Fig. 6(b)], but is still
25% for the deepest recess etch and 13% for the shallower etch.
The ION/IOFF performance gain for isolated Si1−xGex S/D
transistors with 120-nm recess reduces by 10% when Ls/d is
reduced to 500 nm (Fig. 7).

In summary, reducing the active-area dimension Lp/p or
Ls/d leads to a decrease of the performance in Si1−xGex S/D
transistors. This decrease is worse for longer channel lengths.
Isolated structures seem to be more sensitive to layout varia-
tions than nested structures. ION/IOFF performance decreases
when scaling the active-area lengths from 10 µm to 500 nm.
To estimate the effectiveness of the Si1−xGex S/D technology
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Fig. 6. Maximum transconductance improvement (|Vdd| = 100 mV) of
Si1−xGex S/D isolated transistors, over reference transistors with the same
mask length and Ls/d, versus S/D length. (a) Transistors with a gate length of
1 µm. (b) Transistors with a gate length of 45 nm. The arrow indicates the
relative reduction of the gm improvement with respect to long active-area
devices.

Fig. 7. ION/IOFF plot (|Vdd| = 1 V) of Si1−xGex S/D and reference
isolated transistor structures with an Ls/d of 10 µm and 500 nm. Transistor
width is 10 µm.

Fig. 8. Schematic cross section of a nested Si1−xGex S/D transistor structure.

for structures with very small active-area dimensions, stress
simulations are used and are shown in the next sections.

B. Simulation of Layout Sensitivity in Nested Transistors

Stress simulations have been performed using the Taurus-
Process software from Synopsys [19]. The simulations have
been done for industry standard (100)/〈110〉 transistors, with
100-nm polyheight and 30-nm-wide nitride spacers. Epitaxial
Si1−xGex S/D deposition was simulated with 20-nm over-
growth above the original Si surface. Two-dimensional (2-D)
simulations have been performed to simulate the effect of
Lp/p and Ls/d with a plane-strain boundary condition in the
perpendicular direction (see Fig. 3), making the results valid
for wide transistors. Epitaxial Si1−xGex in S/D regions causes
a large compressive stress parallel in the channel. The vertical
and perpendicular stress (directions shown in Fig. 3) are tensile
and compressive, respectively, and are typically less than 30%
of the parallel stress in absolute value. Therefore, the parallel
stress will be the main focus of this paper. For long channel
lengths, the parallel stress varies along the transistor channel,
resulting in a higher compressive stress at the edges of the
channel and a lower stress level at the channel center. At
which channel position the stress is most important for the
conduction improvement is a nontrivial question, and will be
dependent on transistor sizes, as well as on applied voltages.
Therefore, we focus on parallel stress that is averaged along the
transistor channel.

In nested transistors, important parameters that determine the
amount of stress introduced in the channel by Si1−xGex S/D are
the germanium concentration, the poly-to-poly length Lp/p, the
etch depth tSiGe, and the Si1−xGex separation LSiGe, as shown
in Fig. 8. LSiGe scales with the gate length Lg

LSiGe = Lg + 2∆SiGe (1)

∆SiGe is the Si1−xGex-to-channel distance. It is dependent
on the S/D-etch conditions and spacer width. It does not
depend on Lg .

When the poly-to-poly length of a nested transistor is in-
creased for a fixed gate length, the relative amount of Si1−xGex

stressor increases, which will lead to a higher channel stress.
The maximum stress will be obtained for infinite Lp/p. On
the other side, when Lp/p decreases to zero, the stress will
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Fig. 9. Simulated channel stress versus Lp/p in nested Si1−xGex S/D
transistors with (a) a channel length of 1 µm and (b) a channel length of
50 nm. Simulations are valid for wide transistors. The stresses are averaged
over the transistor channel. ∆SiGe is equal to 25 nm and the S/D germanium
concentration is 20%.

decrease accordingly, since the amount of Si1−xGex to induce
stress will diminish. This can be seen when the channel stress
in nested transistors is plotted versus Lp/p (Fig. 9). Negative
stress values indicate compressive stress, positive stress values
are tensile. In the case of a long channel length [Fig. 9(a)],
the average channel stress decreases to zero when the poly-to-
poly length is scaled down, while stress saturation starts only
for Lp/ps above 5 µm. Reducing the recess depth decreases
the stress in the channel, but leads to similar layout sensitivity:
when Lp/p reduces from 10 µm to 100 nm, the stress reduction
is around 90% for every recess depth. For short gate lengths
[Fig. 9(b)], the stress inside the channel is much larger than for
long gate lengths. Moreover, the stress saturates in this case at
a much shorter distance, around an Lp/p of 500 nm, indicating
that transistors with a short channel length are less sensitive to
layout variations. When Lp/p decreases from 10 µm to 100 nm,
the stress reduction is 65% for 120-nm recess depth and 55%
for 30-nm recess.

The measurement results of Fig. 4(a) and (b) were obtained
on nested structures with a minimal Lp/p of 500 nm. For

Fig. 10. Simulated channel stress versus Lp/p in nested Si1−xGex S/D
transistors with a recess depth of 30 nm for different Si1−xGex S/D germanium
concentrations. The stresses are averaged over the transistor channel. ∆SiGe is
equal to 25 nm.

an Lp/p decrease from 10 µm to 500 nm, the stress simu-
lations (Fig. 9) predict 35% reduction in parallel stress for
Lgate = 1 µm and 120-nm-recess depth [Fig. 9(a)]. For
Lgate = 50 nm, a stress reduction of 12% is predicted
[Fig. 9(b)]. These values are in good qualitative agreement with
the relative gm reductions that are measured experimentally
[36% and 10%, Fig. 4(a) and (b)].

Deeper S/D recess and shorter gate lengths will increase
the stress created in the nested transistor channel, as shown
in Fig. 9(a) and (b). Moreover, shorter gate lengths will de-
crease the layout sensitivity. In CMOS technology, however, the
minimal gate length will be fixed for a given technology node.
Increasing the S/D recess etch depth, on the other hand, can
cause increased bulk leakage [9]. Leakage control is expected
to limit the maximum Si1−xGex recess depth more and more
in next technology nodes, by requiring that the S/D recess is
shallower than the depth of the HDD junction. There exist,
however, other options to increase the channel stress further
than scaling the gate length and increasing recess depth. One of
these options is to use higher germanium concentrations in the
S/D area. It is shown in Fig. 10 that a higher channel stress can
be obtained when the Si1−xGex S/D concentration is increased
to 30% or 40%. The layout dependence, however, does not
change: About 55% stress reduction occurs for all germanium
concentrations when Lp/p is scaled from 10 µm to 100 nm. The
maximum germanium concentration to be used is limited by the
defects generated in the layers, and the maximum leakage that
can be allowed.

Another option to create higher stress is to decrease ∆SiGe

from (1) by decreasing the spacer width or increasing the
isotropy of the S/D etch. In this way, the Si1−xGex S/D sep-
aration LSiGe can be scaled even when the polylength is fixed.
Bringing the Si1−xGex closer together leads to higher stress
(Fig. 11), as well as to a reduced sensitivity: While the stress
decrease is 55% for an LSiGe of 100 nm when Lp/p is scaled
from 10 µm to 100 nm, this reduction is only 30% for an LSiGe

of 50 nm. Decreasing ∆SiGe requires a good control over the
etch conditions to keep leakage and yield acceptable.
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Fig. 11. Simulated channel stress versus Lp/p in nested Si1−xGex S/D
transistors with a recess depth of 30 nm for different Si1−xGex separations
LSiGe (see Fig. 8). The stresses are averaged over the transistor channel. Lg is
equal to 50 nm and the S/D germanium concentration is 20%.

C. Simulation of Layout Sensitivity in Isolated Transistors

To simulate the isolated transistor structure, a 350-nm-deep
STI with high-density plasma oxide deposition at 700 ◦C was
included in the simulation flow. The STI oxide introduces
around 250 MPa extra compressive stress in the channel di-
rection for Ls/d = 150 nm and a gate length of 50 nm. Due
to the higher complexity of the isolated structure, S/D lengths
were limited to a maximum of 1 µm in the stress simulations.
The channel stress is shown as a function of Ls/d in Fig. 12
for Lg = 1 µm and Lg = 50 nm. Whereas in nested transistors,
a deeper recess etch always gives a higher channel stress, this
is not the case for isolated structures. This difference can be
explained by the impact of the STI oxide in isolated structures.
Silicon dioxide is much softer than silicon and has a Young’s
modulus that is about three times smaller than that of crystalline
silicon. Therefore, the presence of the STI oxide close to the
transistor will allow for much more stress relaxation of the
Si1−xGex stressor, which will lead to a lower channel stress
than in a nested structure. The highest stress field in isolated
transistors can be found at the bottom of the Si1−xGex epitaxial
layer, where the Si1−xGex is bound to the much stiffer silicon
substrate (Fig. 13). Reducing the recess depth will bring this
high-stress region closer to the channel, and will lead to a higher
channel stress. This effect is expected to be more pronounced
for short S/D lengths, where the STI oxide is much closer to
the channel. Fig. 12(b) illustrates this effect. A recess depth of
30 nm gives higher stress levels than 120- or 70-nm recess for
Ls/ds below 300 and 200 nm, respectively. Contrary to nested
transistors, isolated structures show dependence of layout sen-
sitivity on recess depth: Scaling Ls/d from 1 µm to 150 nm
reduces the stress for the deepest recess etch by 50% and 60%
for Lg = 1 µm and 50 nm, respectively, while the reduction is
only 25% and 34% (same considered gate lengths) for 30-nm-
recess depth. In conclusion, a shallower recess etch is less
sensitive towards layout variations, and can give higher channel
stresses than deeper recess etches, depending on the recess etch
conditions.

Fig. 12. Simulated channel stress versus Ls/d in isolated Si1−xGex S/D
transistors with (a) a channel length of 1 µm and (b) a channel length of
50 nm. Simulations are valid for wide transistors. The stresses are averaged
over the transistor channel. ∆SiGe is equal to 25 nm and the S/D germanium
concentration is 20%.

Transistors with a small active area have a different stress
sensitivity towards recess depth than those with a large active
area, as is shown in Fig. 14(a) and (b). In large structures, etch-
ing deeper than 60 nm will increase channel stress further, es-
pecially in nested structures. However, when Lp/p is decreased
to 100 nm in nested transistors, etching deeper than 60 nm
does not give extra stress [Fig. 14(a)]. Isolated structures with
a small Ls/d even show a maximum stress versus recess depth
[Fig. 14(b)]. It seems that both for small nested and isolated
structures an optimal etch depth exists, around 60 and 40 nm,
respectively, beyond which no further stress improvement is
obtained.

In the last two sections, we focused on the scaling of active-
area lengths. Device widths will also be scaled in the next
CMOS technologies. Narrow transistors have less Si1−xGex

material than wide structures, and the presence of the STI
oxide on the transistor sides allows for further relaxation of
the Si1−xGex. Therefore, the channel stress is expected to
be lower for narrow transistors. To simulate the width effect,
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Fig. 13. Lateral stress contours of a Si1−xGex S/D isolated transistor. Ls/d
is 150 nm, etch depth is 120 nm. At the bottom of the Si1−xGex S/D region, the
connection with the silicon substrate creates a large stress field. Higher in the
epitaxial layer, where the Si1−xGex is clamped between the silicon substrate
an the isolation oxide, the stress values are much lower.

Fig. 14. Simulated channel stress as a function of recess depth for (a) nested
and (b) isolated transistors. The stresses are averaged over the transistor chan-
nel. ∆SiGe is equal to 25 nm and the S/D germanium concentration is 20%.

Fig. 15. Simulated channel stress versus device width in Si1−xGex S/D
transistors. Simulations were done for nested transistors with a large Lp/p.
The stresses are averaged over the transistor channel. ∆SiGe is equal to 25 nm
and the S/D germanium concentration is 20%.

the three-dimensional (3-D) simulator capabilities of Taurus-
Process were used. An example of the simulated width effect
is shown in Fig. 15 for Lg = 50 nm. When the device width is
scaled to 100 nm, the channel stress is reduced by more than
25% for all etch depths.

D. Is the Si1−xGex S/D Technology Scalable?

The simulations done in the previous sections indicate that
the stress introduced by Si1−xGex S/D will depend nonlinearly
on active-area length and width, as well as on etch depth and
gate length. Until now, we focused on the separate variation of
these parameters. When technology advances, the parameters
discussed in the previous sections (Lg , Lp/p, Ls/d, and W )
will be scaled in conjunction. As demonstrated in the previous
sections, decreasing the active-area length and width reduces
the channel stress, since the amount of Si1−xGex stressor
material is reduced. Decreasing the gate length, however, will
bring the Si1−xGex stressor regions closer together, which
leads to an increase in stress. Therefore, the question rises
whether Si1−xGex channel stress will increase or not when
all these dimensions are scaled down in the next techno-
logy nodes.

To estimate this, 3-D simulations have been performed on
nested transistors, with typical dimensions for the 45-, 32-, and
22-nm technology node [20]. The parameters varied are shown
in Table I. The results of these simulations are shown in Figs. 16
and 17. The stress along the channel (dotted line of Fig. 8) is
shown in Fig. 16. At the edge of the silicon region, the stresses
are larger for the technology with the largest Lp/p. In the center
of the channel, however, the technology with the shortest gate
length shows the highest stress. The stress averaged across the
channel is shown in Fig. 17. Our simulations indicate that the
stress inside the channel can be maintained and even increased
slightly when the Si1−xGex S/D technology is scaled according
to the specifications given by the International Technology
Roadmap for Semiconductors (ITRS) roadmap [20].
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TABLE I
TECHNOLOGY PARAMETERS FOR THE 45-, 32-, AND 22-nm

TECHNOLOGY NODE

Fig. 16. Stress along the channel in nested transistors of the 45-, 32-, and
22-nm technology node (cutline shown in Fig. 8). Stresses shown are averaged
along the width of the channel. The stress variation along the width is small
(Variation < 50 MPa). X-coordinate 0 corresponds to the center of the channel.
The S/D germanium concentration used was 20%.

IV. CONCLUSION

P-type transistor performance can be improved significantly
when the S/D regions are recessed and epitaxially refilled
with Si1−xGex. Saturation current improvements of 65% are
measured on isolated transistors with short channel lengths and
a large active area. The Si1−xGex S/D technology is based
on local stress creation, which makes the stress created by
this technique dependent on active-area dimensions. Therefore,
the performance that is measured on transistors with a large
active area will give a serious overestimation when extrapolated
to transistors in an actual design, i.e., with a small active-
area length and width. Although the layout sensitivity of the
Si1−xGex S/D technology decreases for shorter channel lengths
and lower recess depths in nested structures, the stress overes-
timation is large (> 30%) when Lp/p is scaled to 100 nm, even
for transistors with 50-nm gate length and a recess depth of
only 30 nm. This will give serious additional challenges for the
development of circuit modeling tools.

For a given technology node, several options exist to increase
channel stress further: increasing recess depth and germanium
concentration of the Si1−xGex S/D allows for higher stress,
but does not improve sensitivity. Decreasing the Si1−xGex-to-
channel distance will not only lead to higher stress, but also

Fig. 17. Average channel stresses in Si1−xGex S/D nested transistors of the
45-, 32-, and 22-nm technology node, showing an increase in stress when going
to more advanced technologies. The value shown is the average stress in the
silicon channel, measured 1 nm under the SiO2 oxide. The S/D germanium
concentration used was 20%.

to a reduced layout sensitivity. These options come at a price,
however: increasing the recess depth may increase junction
leakage when the recess is deeper than the HDD junction.
Increasing the germanium concentration requires improved
control of the epigrowth and subsequent processing to keep the
amount of crystallographic defects acceptable. Finally, bringing
the Si1−xGex layer too close to the channel may cause problems
with gate and OFF-state leakage. Etch and epigrowth conditions
need to be controlled very well in this case to keep leakage and
yield acceptable.

When a transistor is surrounded by isolation oxide (isolated
transistors), the interaction between the Si1−xGex stressor and
the isolation oxide will lead to stress relaxation in the channel.
This may lead to smaller channel stress for a deeper recess etch,
dependent on active-area dimensions and etch shape.

For scaled nested and isolated transistors, there exists an
optimal recess depth, beyond which the stress introduced will
not increase further. This optimal recess depth decreases for
shorter channel lengths.

Advanced technologies will feature decreasing active-area
sizes, as well as shorter gate lengths. The question rises whether
channel stress can be maintained in scaled technologies that
feature epitaxial Si1−xGex in the source and drain regions.
Using typical values for transistor dimensions, according to
CMOS technology nodes of the ITRS roadmap, stress simu-
lations indicate that the Si1−xGex S/D channel stress can be
maintained and even increased for the next technology nodes.
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