Nanoscale strain characterization in microelectronic materials
using X-ray diffraction
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The engineering of strained semiconductor materials represents an important aspect of the
enhancement in CMOS device performance required for current and future generations of
microelectronic technology. An understanding of the mechanical response of the Si channel regions
and their environment is key to the prediction and design of device operation. Because of the
complexity of the composite geometries associated with microelectronic circuitry, in situ
characterization at a submicron resolution is necessary to verify the predicted strain distributions. Of
the measurement techniques commonly used for strain characterization, synchrotron-based X-ray
microbeam diffraction represents the best nondestructive method to provide spatially resolved
information. The mapping of strain distributions in silicon-on-insulator (SOI) features induced by
overlying silicon nitride structures and embedded heteroepitaxial features adjacent to SOI device
channels are presented. The interaction regions of the SOI strain were observed to extend large
distances from the SOI/stressor interfaces leading to significant overlap in the strain distributions at
technically relevant dimensions. Experimental data were also compared to several mechanical
models to assess their validity in predicting these strain distributions. © 2010 International Centre
for Diffraction Data. [DOI: 10.1154/1.3394205]
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l. INTRODUCTION regions above the Si channel create stress concentrations,
resulting in strain distributions in the channel region of the
SOI that possess the same sign of in-plane strain as in the
stressed film.

The experimental determination of strain fields within
individual CMOS structures requires significant effort. While
micro-Raman spectroscopy is capable of measuring defor-
mation at a submicron resolution (DeWolf et al., 1993), the
technique relies on an a priori assumption of the dimension-
ality of the strain tensor within the measurement volume. It
also requires a calibration to correlate peak shifts to stress
values in contrast to X-ray diffraction which directly deter-
mines the Si lattice spacing. The laser-induced heating of the
sample can also lead to errors in peak shift measurements
particularly in the case of individual structures in silicon-on-
insulator (SOI) layers (Georgi et al., 2007). Although trans-
mission electron microscopy (TEM) based techniques, such
as convergent beam electron diffraction (CBED), possess an
extremely small spot size (on the order of several nanom-
eters), the significant sample preparation required to produce
an electron-transparent specimen modifies the stress state of
the original features. CBED also represents a correlative
technique, where simulations of high order Laue zone
(HOLZ) line shifts are required to deduce the lattice defor-
mation (Hue er al., 2008), a procedure that becomes difficult
for SOI-based structures due to HOLZ line splitting. Among
the techniques that allow for in situ detection at a submicron
scale, synchrotron-based X-ray microbeam measurements
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The need to increase the performance and speed in
complementary metal-oxide semiconductor (CMOS) tech-
nology has required new strategies extending beyond the tra-
ditional scaling of device dimensions. For example, the ap-
plication of strain within the current-carrying regions of
CMOS devices can be tailored to improve the carrier mobil-
ity. The link between the resistivity and the applied stress in
semiconductors, described by Bardeen and Shockley (1950)
and quantified by Smith (1954), also relates the carrier mo-
bility to the local state of strain. In order to exploit this effect
to enhance the carrier mobility, CMOS devices can be manu-
factured using strained layers adjacent to the current-
conducting paths in the Si. Existing methods employed to
induce strain in the channel regions involve either the depo-
sition of heteroepitaxial SiGe or SiC into Si trenches or the
deposition of stressed films above the transistors. In the first
case, regions containing SiGe, which possess a larger lattice
parameter than that of Si, induce a compressive strain in the
plane of the Si channel (Rim et al., 2000), whereas SiC re-
gions, with a smaller equilibrium lattice parameter, create a
tensile in-plane strain. A corresponding increase in hole mo-
bility, required for PFET devices, can be produced through
the use of compressively stressed Si (Thompson er al.,
2004). For the case of stressed overlayer films, such as sili-
con nitride (Tto et al., 2002), the edges of the gate and spacer
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Figure 1. Cross-sectional TEM image of (a) e-SiC/SOI channel device and
(b) sample geometry near an edge in the overlying Si;N, feature.

strain tensor along particular directions, are better suited.

Traditional device modeling often applies the simplifica-
tion of uniform stress distributions within the CMOS de-
vices. Because the actual channel regions possess heteroge-
neous strain distributions in both of these implementations, a
more comprehensive modeling of the band structure realign-
ment is required to determine the overall device response. In
addition, the modeling of the piezoresistive behavior in Si-
based systems, which strongly depends on the substrate dop-
ing and carrier density in the inversion channel (Colman et
al., 1968), would benefit from a more accurate description of
the strain fields. The measurement of the distribution of
strain across the current-carrying paths of the device and the
surrounding environment is critical to predicting device per-
formance. This paper describes our work on the experimental
mapping and mechanical modeling of strain distributions in-
duced in semiconductor features based on the two ap-
proaches.

Il. EXPERIMENTAL

Devices possessing embedded stressor materials were
fabricated from boron doped 55-nm thick SOI layers on
300-mm diameter Si (001) substrates. The source and drain
regions were recessed by approximately 40 nm from the SOI
surface followed by epitaxial growth of Si;_C, with a C
content, x, of 1.1%. The remaining SOI thickness under the
e-SiC features, approximately 15 nm thick, was kept as a
template onto which the strained e-SiC could be deposited.
Because C has a smaller lattice parameter than that of Si, the
e-SiC structures possess in-plane tensile stress, which is
transferred into the adjacent SOIL. The devices under investi-
gation consisted of 60 nm long SOI channels with adjacent
e-SiC source and drain regions approximately 1.85 wum in
length. The width of the device, corresponding to the dis-
tance between the horizontal gate contacts, was approxi-
mately 17.5 um. Gates consisting of polycrystalline silicon
and silicon oxide spacers were also fabricated above the SOI
channel. The cross-sectional TEM image in Figure 1(a) de-
picts the SOI channel region surrounded by the e-SiC fea-
tures, which are approximately 40 nm in thickness and the
underlying buried oxide (BOX) layer that isolates the SOI
from the Si substrate. To obtain a reference value for the
unrelaxed SiC strain, square pads 200 wm in length, consist-
ing of silicon-carbon that was heteroepitaxially deposited on
SOI, were also characterized. Measurements of the Si (008)
(26~109.19°) and e-SiC (008) (26~ 110.56°) diffraction
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peaks were obtained during the same /26 scan in regions
when the incident X-ray beam intercepted both types of fea-
tures.

To investigate the stress fields due to overlying stressor
features, compressively stressed Si3N, films of approxi-
mately 105-nm thickness were deposited onto 200-mm diam-
eter SOI substrates. Features were lithographically defined in
a photoresist layer and then transferred to the SizN,4 layer by
reactive ion etching resulting in a matrix of rectilinear fea-
tures possessing lengths of 2048 um and widths ranging
from 1 to 2048 um. The cross-sectional geometry of the
features includes a 140-nm thick BOX composed of SiO,
between the SOI and the underlying Si substrate, as seen in
Figure 1(b). X-ray microdiffraction measurements were con-
ducted at several locations across the SisN, features to deter-
mine the strain distributions within the SOI layer. Four sites
were chosen consisting of SisN, features possessing widths
of approximately 1.0, 1.5, 2.5, and 2048 um. In all cases, a
plane strain assumption could be made due to the geometry
of the SizN, features, whose lengths were over 2 mm. Strain
mapping within the SOI layer was performed by acquiring
0/26 scans and translating the sample in 0.2-um increments.

The diffraction facilities at the 2ID-D beamline at Ar-
gonne National Laboratory’s Advanced Photon Source were
used for the X-ray microdiffraction measurements. A descrip-
tion of the experimental setup can be found in Murray et al.
(2005). Fresnel zone plate focusing optics produced a beam
footprint on the sample of approximately 0.25 by 0.3 um.
Diffraction optics consisted of vertical receiving slits of ap-
proximately 300-um spacing, corresponding to an accep-
tance angle of 0.026° for the embedded features and 100-um
spacing for the overlying stressor structures, placed directly
in front of a scintillation detector. A beam energy of 11.2 keV
(A=1.1070 A) was chosen so that the angle of the Si (008)
diffraction peak could be measured at a relatively large value
(26~ 109°). Because the crystallographic orientations of the
substrate and SOI layers were offset by at least 0.24°, dif-
fraction information from the sample could be separately re-
solved between both of these regions.

lll. MODELING

It is necessary to establish a correlation between the
X-ray diffraction measurements and mechanical models to
properly interpret these measurements and to assess the va-
lidity of the models. Three models, all based on linear elas-
ticity, were used in the analyses.

A. Eshelby inclusion

For the e-SiC features, mechanical modeling was per-
formed using an analytical method based on Eshelby inclu-
sions in a semi-infinite elastic medium (Mindlin and Cheng,
1950). It is based on a model refined by Davies (2003) for
rectangular inclusions under a plane strain condition. The
displacement, w, in the out-of-plane direction is used to cal-
culate the depth-averaged out-of-plane strain, &3, in all re-
gions of interest:
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X3 o7w w(x3) w(x )
= . 1
£33 xq) J s 70, dxy = o —P) (1)

For the SOI channel, the top and bottom surfaces lie at x5
=0 and 55 nm, respectively. The SOI underneath the e-SiC
regions resides between x3=40 and 55 nm, with the e-SiC
occupying the region between x3=0 and 40 nm. The model
assumes that the entire half-space possesses the same elas-
tic properties and that the top surface is free. Since the
underlying BOX does not significantly impact the overly-
ing mechanical behavior of the SOI and e-SiC structures,
the first assumption is valid. However, the presence of
polysilicon gates and spacers will modify the actual strain
distributions within the features.

B. Anisotropic edge force

We first approximated the stress distribution due to over-
lying SisN, features by using an analytical model based on
an edge force applied at the SOI surface at the position of the
Si3N, feature edge. The formulation is based on the model
developed by Michell (Michell, 1900) but extended to an
elastically anisotropic half-space Si substrate (Murray, 2006).
In this application, both the BOX layer and the constraint
provided by the overlying SisN, are ignored. Because the
silicon nitride feature edges were patterned along the (110)
directions in the samples under investigation, the edge force
is applied parallel to [110]. The depth-averaged out-of-plane
strain is calculated by integrating the normal stresses over
the diffracting volume, which is completely defined by the
SOI layer possessing a thickness 7. As calculated in Murray
(2006), the stress components for the (110) (001) Si orienta-
tion possess the following form:

2Fbx]
O =— 5
H m (x; — ax;)? + bzxg][(xl +axs)*+ bzxg]
2Fbx,x3
O33=— (2)

al (x; —ax;)* + bzxg][(xl +ax;)’ + bzxg] ’

2F bx%x3

- ml (x; — ax;)? + bzxg][(xl +axs)? + b2

where a=0.4472, b=0.9393, and F refers to the magnitude
of the edge force:

F= G'Bh, (3)

where oy represents the residual biaxial stress in the blanket
film, and 4 is the film thickness.

For the elastically isotropic case, corresponding to a=0
and b=1, the stress components in Eq. (2) take the familiar
form:

2Fx; 2Fx1x3
o= W(x%+x§)2’ T3 2+ (x +)c3)2
4)
B 2Fx1xg
=T m(xd + x3)2
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C. Numerical model

A two-dimensional computational model using the
boundary element method (BEM) was also implemented
(Murray et al., 2008) based on the formulation of Rizzo
(1967). Several advantages exist for BEM over variational
formulations such as those used in FEM: (1) the solution is
not approximated by using interpolation functions within the
discretized domain; (2) singularities in the solution are often
better captured due to the integral nature of BEM; and (3)
only the surfaces of the bodies need to be discretized rather
than the entire body resulting in fewer elements and corre-
spondingly fewer equations to solve.

Although elastic isotropy was assumed in both the over-
lying film features and the underlying substrate, the BEM
model allows for a more accurate representation of the fea-
ture geometry. Again, the presence of a BOX layer was not
incorporated into the mechanical modeling. We assume per-
fect bonding at the interfaces so that the displacements are
equivalent in both bodies and the sum of the tractions is zero
at the interface. The integration of the influence coefficients
was performed analytically where constant-value surface el-
ements were used in the calculation.

The displacement field, u;, is calculated due to the influ-
ence of the eigenstrain, Ag, in the SisN, features as well as
the original traction boundary conditions. Because the dis-
placement fields for the effective and actual cases are iden-
tical: ueff—ui. However, the solution of the stress compo-
nents, o;;, within the body must be transformed back from

ij»
the effective traction boundary conditions:

off EAe

1-v
_ cff
=05 (1—21})5 oy +50'0—0' +5 ( )

1-2v
(5)

where oy, represents the eigenstress in the material and o is
the residual blanket film stress. Equation (5) shows that the
eigenstress and eigenstrain are equivalent representations of
the same effect, where the eigenstrain Ae=-0(1-2v)/E for
a dilatational eigenstress, ay, or Ae=—o0p(1—v)/E for a blan-
ket film stress, op.

The out-of-plane displacement at the free surface or
along the Si/SisN, interface, w(x3=0), was calculated using
the nodal value of the displacement at the element centers.
The vertical displacement was subsequently calculated for
the interior points corresponding to x3=—fgo;. The Poisson’s
ratios of the Si and SisN, were assumed to be 0.28 and 0.3,
respectively, and the Young’s moduli were both assumed to
be 160 GPa.

IV. RESULTS AND DISCUSSION

The equilibrium lattice spacings for both Si, ag;, and
Si,_,C,, ag;c must be determined to convert the measured Si
(008) and e-SiC (008) diffraction peaks into strain. The un-
derlying Si substrate provides a reference value for ag;. How-
ever, ag;c will depend on the substitutional C concentration
within the film. The lattice mismatch between a heteroepi-
taxially strained Si;_,C, layer and the underlying Si can be
represented by an eigenstrain, Ag:
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Ae= dsic asl' (6)
dsic

A linear elastic, fully strained e-SiC feature deposited on a Si
(001) template, which possesses cubic elastic symmetry, will
exhibit an isotropic, in-plane biaxial stress (o;;=02,). If a
plane stress assumption is also used for the out-of-plane
stress (033=0), then the relationship between the out-of-
plane strain, 53, and Ae is (Murray e al., 2005)

- 28¢
SBIAX _ 02 )
33 <€ <€

111 91122

where Sgkl refer to the single-crystal compliance tensor com-
ponents of Si;_,C,. Because of the low C concentration
present in the e-SiC, the compliance components can be ap-
proximated by those of Si. From Brantley (1973), these
single-crystal  compliance ~ values are  S%,,,=7.68
X 1073 GPa™! and S%,,,=-2.14X 10> GPa™'. Equations (6)
and (7) can be combined to form the following:

1 251C122 Ae |/[1-Ae]= CsBiIé\X _ sin(6s;)
“\ g C € TREI=ET T = T BIAX)
1 91122 asi  sin(fgc
(8)
where clsgiléx is the Si;_,C, out-of-plane lattice spacing and

Bragg’s law was used to relate the measured diffraction
peaks to lattice spacings. The Gaussian fits of the Si substrate
(008) and e-SiC (008) peak centers from the 200-um pad
regions yielded an eigenstrain, Ag, of —0.472(2)% or an
effective out-of-plane strain, sgAX, of —0.365% in the
e-SiC, corresponding to approximately 1% volume fraction
of C substituted into the Si lattice. A negative eigenstrain
indicates that the e-SiC in-plane stress is tensile.

For the general case of a strained e-SiC feature, the
depth-averaged out-of-plane lattice spacing, Cgic, measured
in the feature and the out-of-plane strain, £33, are directly
related through linear elasticity: cge=agc(1+833). With
knowledge of Ag, the corresponding equation between the
measured out-of-plane lattice spacing can be determined:

Co:
€ o1+ 85,3)[1 - Ae]. )
dasi

For the SOI region, the depth-averaged lattice spacings, Cg;,
can directly be transformed into out-of-plane strain values:

£33 = (Cs; — agy)/as;. (10)

Figure 2 shows the diffracted intensities as a function of 26
with the X-ray beam centered on the SOI channel region and
positioned 0.8 um away from the channel. The measured
out-of-plane strains in the e-SiC, as calculated using Eq. (9),
are approximately —0.355=*=0.003% within the vicinity of
the channel and —0.350*+0.003% 0.8 wum away from the
channel. The broad Si (008) peak in the measurement con-
ducted 0.8 wum from the channel represents the thin SOI
layer underneath the e-SiC features and corresponds to a
small, tensile out-of-plane strain of 74 X 10~® from Eq. (10).
This positive value of out-of-plane strain reflects the com-
pensating in-plane compression generated underneath the
e-SiC stressor structure. The difference between the two SOI
diffraction peaks measured away from and at the channel
contains the depth-averaged strain information from the SOI
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Figure 2. (Color online) Comparison of the (008) diffraction measurements
conducted in the SOI channel region (circles) and 0.8 wm away from the
channel (squares).

channel corresponding to an out-of-plane compressive strain
of —0.167 =0.007%.

To compare the measurements to the simulated values
generated using the Eshelby inclusion model, the depth-
averaged out-of-plane strain was also laterally averaged
within the entire channel region for the SOI strain and within
a 0.25-pm region, corresponding to the X-ray beam width,
in the e-SiC region approximately 0.8 um away from the
channel. The calculated out-of-plane strains in these regions
are 0.752Ae for e-SiC and 0.391Ae for the SOI channel.
Because Ae was determined to be —0.472% from the
200-pum wide e-SiC pads, the predicted out-of-plane strains
for the e-SiC feature and SOI channel are —0.355% and
—0.176%, respectively, as listed in Table I. The measured
strains in the e-SiC regions (—0.35% and —0.355%) match
the calculated values well, and the out-of-plane SOI channel
strain represents approximately 95% of the predicted quan-
tity. Therefore, the impact of the constraint imposed by the
overlying gate and spacer regions, which is not treated by the
Eshelby inclusion model, can be no more than 5% of the
measured strain. In fact, this effect is probably less than 5%,
since the SOI regions underneath the e-SiC features inter-
cepted by the incident X-ray beam possess a compensating,
tensile out-of-plane strain that reduces the magnitude of the
measured strain.

A comparison of the edge-force and BEM calculations to
the data for the out-of-plane SOI strain across the edge of the
2048 X 2048 um? Si;N, feature is depicted in Figure 3. Be-
cause this SizN, feature edge is separated from any other
feature by at least 2 mm, it can be considered a single iso-
lated edge. A fit to the X-ray diffraction information to the
BEM model indicates that a compressive blanket film stress,

TABLE 1. Comparison of depth-averaged out-of-plane strain, e33, in the
e-SiC and SOI regions calculated using the Eshelby inclusion model and
measured using XRD.

Calculated €33 Measured £33

(%) (%)
e-SiC -0.350 -0.355
SOI channel -0.176 -0.167
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Figure 3. (Color online) Comparison of the experimentally measured and
BEM calculated depth-averaged strain distribution, €33, across the edge of
the 2048 X 2048 um? Si;N, feature.

o, of —2.5 GPa is present in the SizN,, in agreement with
values obtained independently from wafer curvature mea-
surements on blanket films (-2.47 +0.2 GPa). The BEM
calculated values capture the asymmetry exhibited in the
strain distribution across the Si;N, feature edge location, al-
though the calculated profile slightly underestimates the
strain outside of the feature. In the case of the edge-force
model, the strain distribution in the SOI layer that possesses
a free surface is fairly well modeled but the predicted values
diverge from the measured strain in the SOI underneath the
Si3N, feature within 1 um from the feature edge or approxi-
mately ten times the SisN, feature thickness. This discrep-
ancy can be attributed to the assumptions inherent to the
edge-force model. Because the interaction between the film
and substrate is assumed to occur at the feature edge only,
every other section of the Si surface is considered traction-
free resulting in a purely antisymmetric strain distribution in
the underlying SOI layer. The actual constraint imposed by

the presence of the Si;N, feature decreases the out-of-plane
strain underneath the Si;N, as exhibited by the X-ray diffrac-
tion results. Peel and shear stresses exist at the Si3N,/SOI
interface which cannot be captured by the edge-force model,
which assumes that the top SOI surface is traction-free.
However, the edge-force model reasonably predicts the strain
distributions at sufficiently large distances from the edge
(greater than ten times the Si;N, feature thickness) where the
stress distribution in the SisN, feature produced by the pres-
ence of a free edge does not impact the underlying SOI
strain.

Both the experimental results and modeling clearly illus-
trate the generation of strain fields in the vicinity of a free
edge in a material possessing an eigenstress. For all of the
subsequent modeling results, a blanket film stress, oy, of
—2.5 GPa, as determined from the 2048 X 2048 ,um2 fea-
ture, will be used in the calculations for the smaller feature
sizes. Because the geometry and the elastic constants of the
SizNy structures and the SOI are known, the eigenstress rep-
resents the only free parameter for both the BEM and edge-
force models.

Figure 4 shows the measured and calculated out-of-plane
SOI strain distributions under the 1-um, 1.5-um, and
2.5-um wide SisN, features, respectively. We observe that
the BEM simulations reproduce the depth-averaged out-of-
plane SOI strain very well for all of the measured feature
widths. It must be noted that the strain gradients present
under the feature edges are too large to be captured by the
microbeam so that the measured strain at these points repre-
sents a convolution of the actual SOI strain distribution and
the X-ray beam shape. However, there is a close correspon-
dence between the BEM calculated values and the measured
strain distribution at a distance of 0.2 um from the feature
edges. In contrast, the edge-force simulations do not match
the measured strain values in the SOI about the narrow fea-
tures. However, as the feature width increases, the out-of-
plane strain values under the feature centers start to approach
those predicted by the edge-force model particularly at the
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Figure 4. (Color online) Comparison of the experimentally measured and calculated depth-averaged strain distribution, &35, across the 2048 X 1-um, 2048

X 1.5-um, and 2048 X 2.5-um wide Si;N, features.
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center of the 2.5-um wide feature. Based on the results in
Figure 3 for a single edge, we would expect to observe dis-
crepancies between the edge-force simulations and the mea-
sured strain in the SOI layer underneath the SisN, features
possessing widths less than 2 um due to the overlapping
strain fields from both edges. In addition, the maxima in the
depth-averaged strain observed in the SOI outside of the
SizN, features increase as the feature width increases so that
the maximum SOI strain outside of the 2.5-um wide feature
already approaches 84% of the maximum value observed
outside of the 2048-um wide feature. Although the edge-
force simulations predict larger strain values than those ob-
served in the SOI regions outside of the Si;N, features, the
discrepancy decreases with increasing feature width.

V. SUMMARY

Measurements of the depth-averaged SOI strain, as in-
duced by overlying stressed SisNj, thin film features and em-
bedded SiC structures, were performed using microbeam
X-ray diffraction. The out-of-plane strain measurements
from the e-SiC regions, with a tensile eigenstrain of
—0.472%, are in good agreement with the values predicted
by an Eshelby inclusion model. The out-of-plane compres-
sive strain of —0.167% detected in the SOI channel is ap-
proximately 95% of the calculated value. Both the surround-
ing SOI contained within the diffracting volume underneath
the e-SiC features and the overlying constraint imposed by
gate and spacer regions impact the measured SOI channel
strain. The Eshelby model is capable of capturing the depth-
averaged strain in the SOI channels to within 5% of the
measured values. A comparison of the simulated strain dis-
tributions using BEM indicated that a compressive blanket
film stress of —2.5 GPa is present in the Si;N, features.
Although an anisotropic, elastic edge-force model repro-
duced the observed SOI strain at distances greater than
1 um, or ten times the SizN, film thickness, from the edge
of wide features, the fit was poor in the case of narrow fea-
ture widths where the strain fields produced by the stress
concentrations at the feature edges overlapped. The presence
of peel and shear stresses along the Si3;N,/SOI interface,
ignored in the edge-force model but incorporated in the BEM
simulations, is critical to the accurate modeling of the me-
chanical response of these thin film composite systems. In
addition, the observed strain gradients induced in the SOI
layer must be taken into account to properly calculate device
carrier mobility.
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