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Piezoresistance Coefficients of (100) Silicon
nMOSFETs Measured at Low and
High (∼1.5 GPa) Channel Stress
S. Suthram, J. C. Ziegert, T. Nishida, and S. E. Thompson, Fellow, IEEE

Abstract—A flexure-based four-point mechanical wafer bend-
ing setup is used to apply large uniaxial tensile stress (up to
1.2 GPa) on industrial nMOSFETs with 0 to ∼700 MPa of
process-induced stress. This provides the highest uniaxial channel
stress to date at ∼1.5 GPa. The stress altered drain–current
is measured for long and short (50−140 nm) devices and the
extracted π-coefficients are observed to be approximately con-
stant for stresses up to ∼1.5 GPa. For short devices, this trend
is seen only after correcting for the significant degradation in
the π-coefficients observed due to parasitic source/drain series
resistances (Rs/d).

Index Terms—Piezoresistance, strained-silicon, uniaxial, wafer
bending.

I. INTRODUCTION

UNIAXIAL process induced strained-Si has become the
preferred method to enhance transistor performance for

sub-100-nm technologies [1]–[3]. The magnitude of channel
stress in second generation strained-Si technologies (65-nm
technology node) [4], [5] is approaching 1 GPa and even higher
levels of channel stress will likely be used for the 45 nm and
beyond technology nodes. Modeling of the highly strained-
Si devices has largely used piezoresistance coefficients, par-
ticularly for nMOSFETs, due to the difficulty in predictively
modeling the stress enhanced electron mobility [6], [7]. How-
ever, nearly all the experimentally determined coefficients are
used outside the stress range in which they were extracted and
nonlinearity in the piezoresistance should be expected [8]. For
example, to model the mobility enhancement in 90- and 65-nm
technologies [1], [9], Smith π coefficients [10] are used which
were extracted at stresses up to only 10 MPa. Recently, there
have been studies [11]–[17] measuring MOSFET piezoresis-
tance coefficient for slightly larger stresses in the range of a
few 100 MPa with one exception being Wang et al. [16] with
nMOSFET data up to ∼580 MPa for long channel and 300 MPa
for short channel MOSFETs, all of this still below the high
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stress levels already in production [1], [9]. In this letter, we
extend the stress range and measure piezoresistance coefficients
and mobility enhancement at both low and high stresses up
to ∼1.5 GPa.

II. EXPERIMENT SETUP

To achieve large uniaxial channel stress, the wafer bending
experiments have three key elements, namely 1) samples with
various amounts of process induced stress and sample prepa-
ration, 2) flexure-based four-point bending setup, and 3) stress
calibration.

A. Sample Preparation

An important factor for achieving high stress is the quality
of the wafer edges used for measurement. To achieve near
optical quality wafer edges, wafer cleaving is performed using
microposition controlled diamond tip scribes. Other techniques
such as laser cutting and edge polishing were tried but resulted
in samples that did not obtain > 500 MPa of mechanical stress
because of edge defects.

B. Flexure-Based Setup

A flexure-based four-point bending setup used for applying
∼1.2 GPa of uniaxial stress at the top surface of silicon wafers
is shown in Fig. 1(a). A flexure is a long beam with a notch
on one end, which gives the beam only 1 degree of freedom
suppressing the others [18]. The setup has a system of eight
such flexure beams which provide uniaxial upward displace-
ment to the bottom rods in a traditional four-point bending setup
as shown in the schematic Fig. 1(b). This eliminates error due
to uneven rotation of two screws present in traditional four-
point bending setups [17], [19] and is essential for achieving
high stress.

C. Stress Calibration

The surface stress σ along the channel direction is calculated
from the relationship [20]: σ = Eyt/{2a(L/2 − 2a/3)} where
E is the Young’s Modulus (E = 168 GPa for 〈110〉 channel),
y is the sample vertical displacement, t the total thickness of
the sample, L is the length of the sample between the two outer
rods, and a is the distance between the inner and outer rods
as shown in the schematic Fig. 1(b). The setup was calibrated
with a load cell under the mounting platform and a strain gauge
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Fig. 1. Flexure-based wafer bending jig (a) photograph and (b) schematic
diagram.

mounted on to the surface of the wafer. Provided we used thick
∼600 µm samples, these measurements yielded that the actual
stress is within 5% error margin of that calculated from the
above expression even for stresses up to 1.2 GPa.

The samples used in this letter consist of nMOSFETs with
(100) surface, 〈110〉 channel, ∼1.2−1.4-nm nitrided, SiO2

gate oxide, phosphorus doped n+ polysilicon gates and body
doping density (NA) ∼1018/cm3. The devices either had an
unstressed or stressed nitride capping layer creating samples
with various amounts of process-induced stress ranging from
300 to 700 MPa (±100 MPa) for the short devices. The ef-
fective process-induced built-in stress is the sum of longitu-
dinal and out-of-plane stress as determined using the relation
σeff = σ〈110〉 + πop/π110 σ〈op〉 [21], [10] (“op” stands for out
of plane) and two-dimensional FLOOPs stress simulations [22].
The measured devices had the following width/ gate lengths:
10/10, 10/0.1, 1/0.14, and 1/0.05 (in micrometers). Linear
drain–current was measured with a Keithley 4200 semiconduc-
tor parameter analyzer at Vds = 50 mV and Vgs swept from 0 to
1.2 V. All drain–current and mobility enhancement extractions
were done at Eeff ≈ 0.7 MV/cm [23].

Fig. 2. (a) Id−lin enhancement versus uniaxial longitudinal tensile stress
plotted for 10- and 0.1-µm devices along with other published work.
(b) Extracted channel π-coefficient values for 10- and 0.1-µm devices (before
and after Rs/d correction) plotted versus stress.

III. RESULTS AND DISCUSSION

The stress-altered drain–current versus total uniaxial longi-
tudinal stress for long and short devices is shown in Fig. 2(a).
Observed is a linear drain–current enhancement for the long
devices for longitudinal tensile stresses up to 820 MPa and
hence an approximately constant π-coefficient with a value of
−315 × 10−12 Pa−1 [extracted and plotted in Fig. 2(b)]. Stress-
altered short-channel data are also shown for stresses greater
than 1 GPa (The stress due to the bending setup is assumed to
add linearly to the built-in process stress) in Fig. 2(a) and (b).
For the short devices, a nonlinear slope in the drain–current
and a considerable degradation in the π-coefficient are observed
(with respect to the long devices).

The intrinsic channel π-coefficient values for the short de-
vices (Lg = 0.14, 0.1, and 0.05 µm) can be estimated by cor-
recting for the source and drain external resistance Rs/d from
the stress altered channel mobility. A simple Rtot slope-based
effective channel mobility (µeff) extraction method outlined in
[24] is used to correct for the parasitic Rs/d dependence of the
short devices. This method offers a simple way of finding µeff

by plotting the Rtot for both long- and short-channel devices at
a given vertical field versus channel length with the intercept
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Fig. 3. Extracted effective mobility enhancement (µeff) versus stress plot-
ted for long and short devices with Rs/d correction versus stress at
Eeff ≈ 0.7 MV/cm.

of this plot giving us the Rs/d (50%–60% of Rtot in this
letter) contribution to the Rtot. The total resistance is given
by Rtot = Vds/Id-lin. For the long devices (Lg = 10 µm), µeff

is defined in the linear region of operation by [23] µeff =
IdsLg/CoxW (Vgs − Vt)Vds where Ids is the drain–current,
Lg is the channel length, Cox = εox/tox is the gate oxide
capacitance per unit area, W is the width of the device,
Vgs, Vds, and Vt are the gate bias, drain bias, and the threshold
voltage, respectively. The effective mobility enhancement for
long and short devices obtained by the above two methods is
plotted in Fig. 3 along with more samples with various built in
process stresses. It can be seen that after Rs/d correction the
intrinsic channel π-coefficient values [extracted and plotted in
Fig. 2(b)] and mobility enhancement (in Fig. 3) are independent
of channel length and are linear even up to a stress of 1.5 GPa.

Even though the underlying physics accounting for the large
magnitude of electron enhancement is surprisingly not well
understood [7] and has been explained only by ad hoc assump-
tions [6], [7], we can still draw a few conclusions from these
results. The linearity and enhancement up to ∼1.6 times is
similar to what has been observed for biaxial stress [25] even
though the maximum mobility enhancement should not be ex-
pected to be universal and depends on channel doping (smaller
enhancement at higher doping because of ionized impurity
scattering). It has recently been suggested that uniaxial stress
along 〈110〉 provides a significantly larger enhancement over
biaxial tensile stress [17] because of band warping leading to
reduced conductivity mass but not all calculations support this
conclusion [26]. In this letter, strain induced band warping for
longitudinal 〈110〉 stress may play some role in the enhanced
mobility since the channel doping used for the 50–140-nm
channel length devices is higher than that for most of the wafer-
based biaxial stress samples but it appears the effect is not large
(< 20%).

IV. CONCLUSION

After correcting for external resistance, the nMOSFETs in-
trinsic piezoresistance coefficients and stress enhanced mobility

are found to be approximately constant and to increase linearly
with stress (up to ∼1.5 GPa), respectively. The highest level
of channel stress in production logic technologies consist of
∼1 GPa for pMOSFETs [4] but only ∼500 MPa [4] for
n-MOSFETs. Thus, the piezoresistance and mobility data sug-
gest stress enhanced electron mobility is not saturated and
additional performance enhancement via higher levels of
channel stress are possible up to 1.6 times even for high
∼1018 cm−3 channel doping. However, to realize the additional
electron mobility enhancement at high stress on short devices,
the external resistance needs to be reduced. Furthermore, this
letter highlights that for nanoscale MOSFETs in logic applica-
tions, the real limiter will likely be external resistance and not
the magnitude of channel mobility.
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