Compact Modeling of Stress Effects in Scaled CMOS
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Abstract — Strained Si is implemented into the standard CMOS
process to enhance carrier transport properties since the 90nm
technology node. However, due to the non-uniform stress
distribution in the channel, the enhancement of carrier mobility
and threshold voltage strongly depend on layout parameters,
such as channel length (L) and source/drain diffusion length (Lg).
In this work, a compact model that physically captures these
behaviors is developed for circuit simulation with strained
CMOS technology.
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I INTRODUCTION

Strain technology, which alters band structure and reduces
effective mass and scattering rate, is essential to elevate carrier
mobility for continual scaling. The exact amount of mobility
enhancement depends on both the applied stress level during
the fabrication (for example, determined by the Ge
composition for eSiGe technology) and circuit layout
parameters, such as transistor length and source/drain size [1],
because of the non-uniform stress distribution in the channel
region. Such non-uniformity results in pronounced shifts in
transistor and circuit performance. To capture such a
systematic effect, traditional efforts resort to TCAD simulation
to extract the stress level from the entire layout and analyze
performance enhancement [2]. This approach is usually
expensive in computation. Therefore, it is necessary to
develop a more effective modeling approach that is able to
extract the stress effect for each device and embed it into
standard model parameters for circuit simulation.

The layout-dependent stress effect is first observed and
reported from STI stress [3]. Layout-dependent models
regarding STI stress are proposed on the basis of the
experimental observation that the changes of drive current and
threshold voltage follow the trend of the length of oxide
definition area (LOD) [4] [5]. Moreover, a modeling approach
of equivalent stress level is proposed to account for the
mobility enhancement with an assumption that the mobility
enhancement is proportional to the applied stress [6]. However,
this approach also results in empirical fitting.

In this work, a new general modeling approach is
proposed to capture the layout-dependent stress effect. This
model is derived from the first principle and physically
captures the impact of circuit layout on transistor performance
such that model scalability is guaranteed for future technology
generations.
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Il.  COMPACT STRESS MODELING

A. Bathtub Curve of Stress Distribution

As investigated in [7], the stress magnitude in Si substrate
decays sharply from the edge of the channel to the center, and
becomes less dependent on the distance when the location is
far from the origin of the applied stress. Figure 1 (a) shows the
simulated stress contour of a PMOS with SiGe stressors in
source/drain area, illustrating that the stress is imposed from
the source/drain area and results in the non-uniform
distribution [8]. In Fig. 1 (b), the simulation shows the stress
profiles for devices with different channel lengths: the shorter
the channel length, the higher overall stress level. Although
the stress magnitude is different, the stress profile is similar
and behaves like a bathtub curve. Based on this observation,
without losing the generality, a linear piecewise approximation
is proposed to capture the stress profile as Eqgs. (1)-(3),
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where op and og denote the peak and bottom stress levels in
the channel, respectively, and d represents the slope. Moreover,
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(a) Stress contour of a MOSFET with eSiGe in S/D area.
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(b) Bathtub curve approximation for stress distribution.
Figure 1. Modeling of stress distribution.



Y, and Y intercept with Y, at points of X, and Xy, respectively.

Xo and X, are expressed by Eqgs. (4) and (5).
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The stress distribution in the channel is sensitive to some
layout parameters and thus results in additional variations in
device performance [1]. In Fig. 2, as S/D diffusion length (Lsg)
increases, op and og become higher due to the increased
amount of stressor material, and finally reaches the saturation
state when L is larger than the critical length [1]. Meanwhile,
the stress for the device with smaller channel length is higher
than that with larger channel length. To account for the stress
dependence on L and Ly, op is modeled as Eq. (6), where oy, is
the saturation stress level and A and m are fitting parameters
accounting for the dependence on Ly and the stress decreasing
rate over distance from neighboring transistors.

)

Each term in the parenthesis represents the contribution
by a diffusion region, depending on their separation distance
to the channel. The first two terms in Eq. (6) account for the
contribution from the source/drain area of the target transistor,
while the rest two terms represent the stress sources from the
nearest neighboring transistors. Moreover, Eq. (6) assumes
that all diffusion regions in the neighboring transistors have
the same size L. If they are different, the exact value should
be used to replace the corresponding Lgy. On the other hand, as
channel length becomes shorter, g grows up and to the limit
of op when channel length reaches zero. This channel length
dependence can be modeled by Eq. (7) with a fitting parameter
C. In Fig. 2, the models show good agreement with TCAD
simulation results.
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Figure 2. Layout dependence is modeled through op
and ogin Egs. (6) and (7).
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B. Equivalent Mobility (l) in the Channel

When the stress is applied, the band structure is altered
and further changes the symmetrical ellipsoids of constant
energy of silicon. This results in carrier redistribution and
reduce carrier effective mass and scattering rate; then carrier
mobility is enhanced. Based on strain-induced band splitting,
the model regarding strain-induced mobility change is
physically modeled with the form as Eq. (8),

(8)

where the coefficient, B, is a physical constant [9] [10]. AE
denotes the strain-induced energy splitting of conduction band
or valence band and can be calculated by the deformation
potential theory [11], which indicates the applied stress level is
linearly proportional to energy splitting. Therefore, energy
splitting is modeled by Eq. (9).

AE=P.c (9)

where P can be calculated by deformation potential constants,
and it is also temperature dependent because the temperature
variation alters the bandgap and further affects the energy
band splitting. Therefore, the temperature-dependent behavior
can be modeled as Eq. (10),

w7

where Pydenotes its value at room temperature (To) and a is a
fitting parameter accounting for the temperature dependence.
Moreover, since the stress level in the channel is not a
constant, the enhancement in mobility is also non-uniformly
distributed. Based on the principle of current continuity, the
non-uniform mobility can be modeled as an equivalent
mobility, U, by using Eq. (11), [12]
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where |, denotes the unstrained mobility. Therefore, an
analytical solution for mobility can be derived as function of

channel length and S/D diffusion length to bridge the layout
parameters to mobility variation, as expressed in Eq. (12).
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In Fig. 3, TCAD simulation shows the amount of mobility
enhancement is strongly dependent on channel length and S/D
diffusion length; as channel length becomes shorter, the stress
effect becomes more effective. Meanwhile, with a larger Lgg,
the mobility enhancement is stronger. This dependence is
captured by the new model well.
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Figure 3. Layout dependence of channel mobility.

On the other hand, to assess the temperature effect, the
device is operated at different temperatures from 100K to
800K. In Fig. 4, TCAD simulation shows that at 100K, the
mobility enhancement increases 31% more than that at room
temperature for the device with both L and Ly at 100nm. On
the contrary, as temperature increases more than the room
temperature, the mobility enhancement declines. The
sensitivity of mobility enhancement to temperature is higher at
lower temperatures. This behavior can be explained by Eqg. (8),
where the temperature term is in the exponential function, so
that the change is more dramatic under low temperatures.
Moreover, the device with longer channel length is less
sensitive to the temperature variation. The proposed model
demonstrates the good agreement with TCAD simulation.

C. Strain Induced Threshold Voltage Shift

In addition to strain-induced mobility variation, strain-
induced threshold voltage shift is also observed in the strained
devices. The change in threshold voltage is attributed to strain-
induced variation of energy bandgap, electron affinity, and
density of states (DOS), where the effect of density of states
(DOS) can be ignored due to its insignificant impact [13].
Based on the deformation potential theory [11], the strain-
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Figure 4. Temperature dependence of mobility.
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induced change in bandgap and electron affinity is proportional
to the applied stress magnitude, so the threshold voltage change
is modeled by Eq. (13),

AV, (6,) =VTH _STR -0, (13)

where VTH_STR is a fitting parameter to capture the linear
relationship between threshold voltage shift and the applied
stress magnitude. Note that the bottom stress level (og) is
chosen for threshold voltage shift because the barrier peak
between source and substrate is controlled by cg, as shown the
stress bathtub curve in Fig. 5. The simulated valence bands of
unstrained/strained PMOSFETS indicate that V,; is lowered by
stress effect and thus it becomes easier for holes to pass
through the channel. This lowering valence band confirms the
strain-induced threshold shift. In Fig. 6, TCAD simulation
based on eSiGe technology shows that the strain-induced Vy,
shift has strong dependence on the channel length and
source/drain diffusion length; the strain induced AVy, increases
as L decreases, and meanwhile the lower AV, is observed for a
smaller Ly due to less S/D stressors. This dependence is
captured well by Eq. (13).
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Figure 5. Simulated Valence band diagram for unstrained/
strained PMOS under different drain biases.
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Figure 6. Strained induced AVy, as a function of channel
length (L) and S/D diffusion length (Lgg).



D. Other Secondary Effects

The effect of drain induced barrier lowering (DIBL)
becomes more important as channel keeps scaling. To the first
order, the DIBL-induced threshold voltage shift can be
modeled as Eq. (14) [14],

AVth (DIBL) = [3(\/bi - 2¢B) +Vds ]e_L/I (14)

where | denotes the characteristic length for DIBL effect. Vy; is
the energy barrier between source and substrate and @3 is the
bulk potential with expressions in Egs. (15)-(16),
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where Nsource and Ngyg are the doping concentrations in
source and substrate. Vy; and @g are important factors to DIBL
effect. Moreover, applying stress affects the intrinsic carrier
density (n;), which is an exponential function of bandgap, and
further makes impact on Vy; and @g However, in Eq. (14), the
term of (V,-2®g) is independent of n;, indicating the impacts of
stress on Vy,; and @g cancel each other for DIBL effect. On the
other hand, stress alters @g and further influences the depletion
depth (Xgep), shown in Eq. (17), which further affects DIBL
and subthreshold swing through Eqgs. (18) and (19),
respectively.

X _ 2gsi (2¢B _VBS) (17)
dep
AN sup
| = f3T, Xy = (E, )i (18)

c
$.5.=60mV -(1+%) (19)

[0

Note that the characteristic length (I) in DIBL effect is the
major term to be impacted by stress and is proportional to Eg”“,
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Figure 7. Threshold voltage for strained/unstrained devices

under different drain biases.
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making DIBL relatively insensitive to the stress effect. In Fig.
7, our model captures strain-induced AVy, in strained devices
operated under different drain biases as well.

1. CONCLUSION

With the scaling of device dimension, the strain-induced
mobility and threshold voltage variation becomes more
pronounced. Therefore, it is essential to develop compact
models of the layout dependent stress effect for circuit
analysis and optimization. In this work, the solution that
bridges layout parameters to device electrical characteristics is
proposed for simulation.
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