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Dark-field holography, a new transmission electron microscopy technique for mapping strain
distributions at the nanoscale, is used to characterize strained-silicon n-type transistors with a
channel width of 65 nm. The strain in the channel region, which enhances electron mobilities, is
engineered by recessed Si0.99C0.01 source and drain stressors. The strain distribution is measured
across an array of five transistors over a total area of 1.6 �m wide. The longitudinal tensile strain
reaches a maximum of 0.58%�0.02% under the gate oxide. Theoretical strain maps obtained by
finite element method agree well with the experimental results. © 2009 American Institute of
Physics. �DOI: 10.1063/1.3192356�

Strained-silicon channel technology is now implemented
in all the latest generation of nanoelectronic devices.1,2

Straining silicon considerably increases the mobility of car-
riers, either electrons or holes, leading to significantly en-
hanced performances in metal-oxide-semiconductor field-
effect transistors �MOSFETs�.3–5 Different techniques have
been investigated to engineer strain in devices, for example
the growth of relaxed virtual substrates to induce biaxial
strain in the channel region, or the capping of transistors with
a specially engineered high tensile stress silicon nitride layer
to induce uniaxial tensile strain.6,7 The most widely reported
technique, however, is to use recessed Si1−xGex or Si1−yCy

sources and drains as stressors for compressive strain in
p-MOSFETs8 and tensile strain in n-MOSFETs,9,10 respec-
tively. By combining these different methods, it is possible to
induce various distributions of strain.11 Nevertheless, de-
tailed knowledge of the exact strain distribution in two di-
mensions is required to understand how improvements in
performance can be optimized.

Transmission electron microscopy �TEM� is the most ap-
propriate tool for measuring strains at the nanoscale.
Convergent-beam electron diffraction12–14 and nanobeam
diffraction15 can be used to measure strain accurately at spe-
cific points on the sample but are less suited for the mapping
of strains continuously across devices. More recently,
aberration-corrected high-resolution transmission electron
microscopy �HRTEM�16 has been used to map strains in
p-MOSFET devices. Nevertheless, the method, although
promising, suffers from the limited field of view, sample
preparation issues, and the inherently low signal-to-noise ra-
tio of HRTEM observations. To overcome these difficulties,
we recently introduced an electron holographic technique for
measuring strain �HoloDark�.17,18 The technique is based on
the interference of diffracted beams from adjacent sample
areas using the dark-field holography configuration.19 Unlike
conventional off-axis holography, the phase differences in

the diffracted beams give direct access to local changes in
the lattice parameters.17

In this paper, we report on the analysis by dark-field
holography of the strain distribution in n-MOSFETs with
recessed sources and drains of carbon-doped silicon. The
measurement of strain in such devices10,20,21 is more chal-
lenging than for SiGe/Si systems, as the lattice mismatches
are significantly smaller. We will also demonstrate a recent
improvement in the precision and field of view of the tech-
nique.

A series of dummy transistors with a channel width of 65
nm were prepared using Si0.99C0.01 sources and drains stres-
sors for the Si channel in an ASM Epsilon® 2000 reactor.22

TEM samples were prepared by focus ion beam for �11̄0�
zone axis observations �Fig. 1�a�� to a thickness of about 150
nm. The optimized preparation method maintains a relatively
thick region of substrate adjacent to the thinned outer edge
and prevents the specimen from bowing and cracking.

Microscope observations were performed on the
SACTEM-Toulouse, a Tecnai F20 �FEI� TEM operating at

a�Present address: Department of Materials Science and Metallurgy, Univer-
sity of Cambridge, Pembroke Street, Cambridge CB2 3QZ, United King-
dom. Electronic mail: fmh29@cam.ac.uk.

FIG. 1. �Color online� Dark-field strain analysis of n-MOSFETs with em-
bedded Si0.99C0.01 sources and drains: �a� conventional TEM observation of
the structure, �b� dark-field hologram obtained by interfering the �220� dif-
fracted beams from areas A and B, �c� phase analysis of hologram revealing
local changes of lattice parameter, and �d� �xx strain map with profile in
channel from gate oxide to substrate �e�. A maximum tensile deformation
occurs close to the gate.
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200 kV, equipped with field-emission gun, electrostatic bi-
prism, and imaging aberration corrector �CEOS�. Holograms
were recorded on a 2048�2048 pixel charge-coupled de-
vice �CCD� camera �Gatan USC1000�. The first transfer
lens of the corrector was used as a Lorentz lens23,24 with the
objective lens switched off. In this configuration, fields of
view are wider and the overlap area of the hologram can
easily reach 300 nm �relative to the specimen� with biprism
voltages of about 100 V. Typical contrasts for 2 nm fringes
were 13% for a 4-s exposure time �Fig. 1�b��. Dark-field
holography was performed with different diffracted beams:

�111�, �1̄1̄1�, �002�, and �220�. Images were corrected for
the geometric distortions introduced by the CCD camera.
Hologram analysis was carried out using in-house software
and GPA PHASE 2.0 �HREM Research�, a plug-in for the
DIGITALMICROGRAPH image processing package �Gatan�.
The Fourier space mask used in the analysis limits our
spatial resolution of strain measurements to 4 nm. Strain
modeling was carried out using the software package
COMSOL MULTIPHYSICS.

The longitudinal strain in the x direction, parallel to the
gate, can be measured from the phase of a single diffracted
component in the x direction �220, 440,…� or from a com-
bination of phases from two noncollinear diffracted
beams. The former method has the advantage of speed and
simplicity but the latter is necessary to access the full two-
dimensional �2D� strain tensor. Figure 1�b� shows an experi-
mental dark-field hologram obtained from the �220� dif-
fracted beam. The biprism is placed 300 nm �relative to the
object plane� under the gate and parallel to the surface in
order to interfere the diffracted wave from the Si substrate
with the diffracted wave from the strained area of the
MOSFET. Ideally, the measurement area should contain part
of the substrate to be able to define the carrier frequency. The
phase of the holographic fringes, Fig. 1�c�, depends on the
local difference in the lattice parameter between the substrate
and the area of interest. The local deformation is calculated
from the phase gradients in the framework of geometric
phase analysis �GPA�.25

Errors are introduced if phase terms from the mean-inner
potential or dynamic scattering within the specimen vary
across the field of view. Such variations can be limited by
accurately controlling the specimen thickness and avoiding
specimen bending, which would change the local diffraction
conditions and hence the dynamical phase. These conditions
can be verified experimentally by observing that the intensity
of the dark-field image is uniform in the region analyzed.
Inevitably the mean-inner potential will be different in the
Si:C layer and the silicon substrate. However, the difference
is extremely small and will only produce a phase gradient at
the interfaces.

Figure 1�d� presents a map of the longitudinal strain.
Doping the silicon with carbon �nominally to 1%� reduces
the lattice parameter of the source and drain area, which in
turn stretches the channel in the x direction. The tensile strain
reaches a maximum of 0.6% near the gate oxide and de-
creases progressively toward the bulk. After twice the dis-
tance of the source and drain depth, the stressors have no
more influence on the strain and the crystal recovers its bulk
lattice parameter.

Dark-field holography can be used in this configuration
to measure strains over a relatively wide field of view �up to

300�800 nm2� but this can be enlarged by modifying the
projector lenses system. Figure 2�a� shows the widest obser-
vation that we have been able to obtain on the SACTEM
with an acceleration voltage of 200 kV. The limit is deter-
mined by the size of the CCD camera, and in particular, the
Nyquist frequency limit for the holographic fringes. The ex-
posure time is 10 s and the fringes period is only 2.5 pixels.
Although contrast and precision are reduced, the field of
view has been doubled �1.6 �m�. The overlap itself is un-
changed as this depends on the biprism voltage.

It is now possible to map the deformation field in five
different transistor channels in just one acquisition, which
ensures that the reference is exactly the same for each tran-
sistor and allows a statistical analysis of the measured strain
distributions. Figure 2�d� shows the profiles taken in each
separate channel from the gate to the substrate. The width of
integration corresponds to the length of the channels: 65 nm.
There is an excellent agreement between all of the measured
profiles, with each curve following exactly the same trend,
including the slight deviation about 65 nm from the gate.
Indeed, the standard deviation between the profiles is only
0.02%, which expresses the precision of our measurements.
The maximum value, just below the gate, is 0.58%�0.02%,
which suggests that the reduced sampling has not introduced
a significant systematic error.

To estimate the accuracy of the method we have realized
a finite element method �FEM� model based on linear
elasticity theory.26,16 Initially, we performed full three-
dimensional simulations �150 nm thick� with free surfaces
and a geometry that mimics that one revealed by TEM
bright-field images �Fig. 1�a��. The results show no signifi-
cant thin foil relaxation, mainly due to the large thickness
and the specific geometry of the specimen. To simplify sub-
sequent calculations, we therefore turned to a 2D plane-strain

FIG. 2. �Color online� Dark-field hologram analysis of transistor array: �a�
dark-field hologram with the �220� diffracted beam, �b� corresponding �xx

strain map relative to Si substrate, �c� FEM simulation, and �d� strain pro-
files from five different channels from gate oxide to substrate. Maximum
strain under the gate is 0.58%�0.02%.
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model which is sufficient for our purposes. The surfaces of
the TEM lamella are considered to be rigid and only the
upper surface �in the z direction�, near the oxide, is free.

The two following subdomains are considered: one with
Si properties �bulk elastic constants and lattice parameter�
and another with Si1−yCy properties. The nominal value of y
is 1% but not all carbon atoms are incorporated on substitu-
tional sites, and thus contribute to the modification of the
lattice parameter.27,28 From �-Raman experiments on uni-
form layers we can estimate that only between 75% �Ref. 29�
and 90% �Ref. 22� of carbon atoms are involved in the strain
process. Figure 2�c� shows the results from the best fitting
FEM model with y=0.75%, a mesh step of 4 nm and iden-
tical color scale to the experimental results in Figs. 2�b� and
1�d�. We have confirmed the value of 0.75% for the substi-
tutional carbon by analyzing the lattice parameter in the Si:C
layer in the z direction with a �002� dark-field hologram.

The simulated profile of �xx follows closely the trend of
the experimental results �Fig. 2�d��. The standard deviation
between the average of the experimental profiles and the
simulation is only 0.01%, although a systematic difference of
0.04% occurs nearer the gate. This is reflected in the maxi-
mum reached by the simulation, 0.53%, compared with the
experiment value of 0.58%. The underestimation of the strain
by the model is probably due to the difficulty of reproducing
exactly the same boundary conditions, such as the effect of
the top oxide, or the gate and the surface platinum layer.

We have demonstrated that dark-field holography is a
valuable tool for the study of strained-silicon n-MOSFETs
where strains tend to be relatively small and highly localized.
Strain can be measured to extremely high precision �2.10−4�
and mapped across large field of view �300 nm by 1.6 �m�
with good spatial resolution �4 nm�. By studying five neigh-
boring transistors, information of a statistical nature can be
obtained. The Si channels have a longitudinal strain �xx
which is maximal near the gate oxide at a value of
0.58%�0.02% before decreasing progressively toward the
substrate. The FEM modeling shows that the results are con-
sistent with a substitutional carbon content in the recessed
sources and drains of 0.75% of the total carbon concentra-
tion.
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