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Quantitative characterization of local strain in silicon wafers is critical in view of
issues such as wafer handling during manufacturing and strain engineering. In
this work, full-field X-ray microdiffraction imaging using synchrotron radiation
is employed to investigate the long-range distribution of strain fields in silicon
wafers induced by indents under different conditions in order to simulate wafer
fabrication damage. The technique provides a detailed quantitative mapping of
strain and defect characterization at the micrometer spatial resolution and holds
some advantages over conventional methods.

1. Introduction

Silicon has practical importance in nanoelectronics, micro-
electronics and micromechanics, as well as important opto-
electronic materials and as a template for material synthesis.
The use of high-quality silicon wafers is crucial for the fabri-
cation of these and other microdevices. Over the past decades,
high-quality silicon wafers have become the industry standard
and the ultra-large-scale integration of microelectronics has
developed dramatically. The continued geometric downscaling
of devices on a chip will soon reach a physical limit, and in this
situation strain and various defects have become a greater
concern (Bouhassoune & Schindlmayr, 2010). Global and
local strains in silicon can change dramatically the electronic,
optical and mechanical properties (Gilman, 2008). Most strain
induces damage and structural defects which leads to poor
performance for the devices and in some cases can then even
lead to wafer breakage. In contrast to its disadvantages, the
use of appropriately strained silicon devices can push perfor-
mance for nodes below 65 nm. The strain-induced linear
electro-optic effect may be useful to remove a bottleneck in
modern computers by replacing the electronics bus with a
much faster optical alternative (Jacobsen er al, 2006).
However, wafer handling in semiconductor manufacturing can
also introduce damage at the wafer edge if the tool is mis-
aligned and during processing some of the micro-cracks
appear to grow, resulting in wafer breakage and substantial
disruption to the manufacturing process; plastic deformations
are generated in a series of steps. These deformations are
correlated with external and internal strains. It is critical to
develop a metrology to predict the probability of catastrophic
failure during processing of silicon wafers.

J. Synchrotron Rad. (2015). 22, 1083—-1090

http://dx.doi.org/10.1107/S1600577515009650

1083


http://crossmark.crossref.org/dialog/?doi=10.1107/S1600577515009650&domain=pdf&date_stamp=2015-06-26

research papers

Nanoindentation is a variety of indentation hardness tests
applied to small volumes. It uses small loads and tip sizes with
an indent area of a few square micrometers or even nano-
meters. Nanoindentation in silicon (contact load) is an effi-
cient method to simulate and investigate the mechanical
processing and strain-related failure mechanisms (Domnich &
Gogotsi, 2002). Different types of indenter can be applied for
nanoindentation depending on the geometry of indentation
and load. The Berkovich indenter is a three-sided type, with an
angle of 65.03° between two side planes. The Vickers indenter
is a four-sided type, with the angle between the side planes of
68°, and is generally applied to large indent loads.

Previous results have shown that a Si crystal near an indent
undergoes a series of phase transitions depending on loading,
unloading, loading speed of the indenter and heat treatment.
Cross-sectional transmission electron microscopy and Raman
microscopy (Tachi et al., 2002; Ericson et al., 1988) indicated an
indentation-induced amorphization, recrystallization, genera-
tion of dislocations and cracks. Various phase transitions occur
underneath the indenter tip where the highest plastic strains
appear. These pressure- and indentation-induced phase tran-
sitions in crystalline materials have also been studied by using
molecular dynamics simulations and finite-element modeling
(FEM) (Khayyat et al., 2003; Ivashchenko et al, 2008).
However, none of these techniques gives quantitative
experimental evidence concerning the strain field over a long-
range scale and they do not possess bulk probe capability
either. X-ray topography provides a direct visualization of
crystal defects (Danilewsky et al, 2010); however, it lacks
quantitative characterization capability. In this work, we
report the investigation of local strain fields in silicon wafers
induced via nanoindentation by means of the full-field X-ray
microdiffraction imaging (XMDI) method using synchrotron
radiation. XMDI has been developed to map the structural
properties of crystalline samples and to assess the local lattice
misorientations and deformations over a large sample area
(Lubbert et al., 2000; Mikulik et al., 2003; Liibbert, Baumbach
et al., 2005; Liibbert, Ferrari et al. 2005). It can quantitatively
assess local strain over a large sample area (several mm?) with
high-angular and spatial resolutions by combining X-ray
diffraction with micrometer-scale spatial resolution imaging.
The method is also called rocking-curve imaging.

2. Experimental

Silicon samples of size 2 cm x 2 cm and 750 pm thickness were
cut from a whole piece of silicon wafer with (001) surface. An
array of indents from 100 to 600 mN loads were made on as-
received silicon wafers using a Berkovich indenter. Indents at
2 N were made using a Vickers indenter. An indented sample
was further treated by slowly annealing at 1273 K. XMDI
measurements were carried out at room temperature at
beamline ID19 of the European Synchrotron Radiation
Facility (ESRF) using a diffractometer situated at approxi-
mately 145 m from the source. A double Si (111) crystal
monochromator was installed at the beamline to provide

monochromatic radiation beams. The large source-to-sample
distance has the advantage of allowing one to obtain a large
homogeneous field-of-view with a very low angular beam
divergence. The diffractometer was initially designed for
laminography and tomography experiments (Helfen et al.,
2006). The samples were measured at 004 diffraction in Bragg
reflection mode and 220 diffraction in transmission mode at 19
and 23.4 keV, respectively. A CCD camera (Frelon, 0.76 pm
pixel size, 2048 x 2048 pixels) installed at 50-130 mm distance
from the samples was fixed on a separate stage and used to
collect the two-dimensional diffraction signals. The samples
were aligned to the specific diffraction planes, a series of
diffraction images were recorded across the rocking-curve
profiles at a step of w angle 0.00025° (for 004) or 0.0005° (for
220). The measurements were performed at azimuthal angles
of 0, 90, 180 and 270° along the surface normal (¢ angle). The
beam size at the sample location is 1.5 mm x 5 mm. Within the
beam illuminating area, different indents can be covered.

The data analysis is critical, particularly for complex
diffraction patterns, as it is not always straightforward due to
the ‘phase problem’ in X-ray diffraction (Als-Nielsen, 2001).
The codes for data analysis were made based on Matlab, and a
flow chart of the codes is shown in Fig. 1. After background
and geometry correction, the images were projected into the
plane perpendicular to the sample surface. Maps of peak width
(FWHM value, full width at half-maximum), peak position
shift and integrated area under diffraction peaks were
reconstructed by extracting data at each pixel from the XMDI
images, from which the strain fields around defects and
dislocations can be quantitatively evaluated.

Load XMDI data

| Background Correction |

Geometry Correction

| Peak analysis per pixel |

R

| Multiple peak analysis |

One peak analysis

Y

Peak information

4—| Voigt function fitting |

Peak position |Intearated intensity | I Maximum peak intensity |

.

5 5w le
| Data evaluation and visualization [

| Strain separation || Diffuse scattering analysis | FFT analysis

Figure 1
An overview flowchart of the code for XMDI data analysis.
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3. Results and discussion

A line of Berkovich indents (from top to bottom, five 600 mN
loads and five 500 mN loads) on the wafer were measured
using XMDI. As shown in Fig. 2, a series of images recording
the diffraction intensity were collected at 004 diffraction and
at azimuthal angles of 0° (Fig. 2a) and 180° (Fig. 2b), respec-
tively. The images show similar lateral symmetric ‘bowl
shaped’ contrasts around each indent. A 600 mN indent
marked in a rectangle of 150 pm x 130 um in size was
selected. Integrated intensity, peak-width and position-shift of
the rocking curves were extracted at each pixel and the map of
each component was plotted in Figs. 3(a)-3(c). A scanning
electron microscopy image of the surface morphology around
the indent is illustrated in Fig. 3(d) and a schematic of the
Berkovich indenter, top and side views, is given in Fig. 3(e).
The integrated intensity of a diffraction peak is a measure of
the electron density. Diffraction in defected crystal regions no
longer obeys the dynamical theory, the diffraction intensity
varies from a linear dependence to a quadratic dependence
on the value of the structure factor, i.e. o |F|, according to
the kinematic theory (Guinier, 1963). Therefore, a much
enhanced contrast is observed in Fig. 3(a) around the indent in
the background. The highlighted domain extends to a spatial
field of ~125 pm x 110 pm and is much larger and deeper
than the indenter dimension on the wafer (~10 pm x 2 pm).
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Figure 2

Maps of integrated intensity of 004 diffraction in a line of Berkovich indents (from top,
five 600 and five 500 mN loads) on the silicon wafer (001). XMDI data were collected at
azimuthal angle 0° (a) and 180° (b). The same indent with 600 mN load is marked by a

black frame in the two geometries.

As X-rays have a large penetration depth (attenuation length
220 um at 19 keV in silicon), the distribution under the indent
is averaged in the beam propagation path in the sample and
piled up in the longitudinal direction. As (004) are the planes
parallel with the surface (001), the XMDI data collected at 004
diffraction contain mostly depth-dependent information, but
modulated by the surface-distributed part because of the 13.9°
incident angle.

The crystal quality is related to the peak width of diffrac-
tion. Most defects in a crystal cause a change of diffraction
peak width, hence the peak-width map reflects largely the
spatial distribution of defects. Fig. 3(b) shows a detailed peak-
width map around the indent. The highest FWHM values
(~14.4 arcsec) are about twice of those in the perfect silicon
crystalline regions. The highly defected bands 4-5 and 6-7 are
from the zones underneath the indent and are oriented along
the {111} crystal planes. It is ~40 pm deep under the imprint of
the indenter. Silicon is a brittle material and failure usually
occurs along the {111} cleavage plane (Cook, 2006). Three
regions marked as 1, 2 and 3 indicate defects near the surface
around the indent, which are closely related to the triangular
shape of the indenter (red triangle mark). A dark area, ie.
narrower peak width than that of the perfect substrate, of
~20 pm lateral size around the indent, is visible above the
mark 3. This can be due to the severe plastic deformation. This
is the area in which phase transitions and large plastic defor-
mations may occur and have been investigated
by a variety of techniques (Jian, 2008). The
measured rocking curves deviate significantly
from the ideal Bragg condition because of the
distortions; hence, narrower peak-width values
were observed.

The map of peak position shift (shown in
Fig. 3c) from the mean Bragg diffraction posi-
tion corresponds to a measure of the local
expansion or shrinkage of lattice parameters
and, hence, a measure of the macroscopic strain
field. Three large zones with warm colors (1, 2
and 3) are observed, symmetrically distributed
around the indent, most probably resulting from
v the compression of the three triangular indenter
side walls near the wafer surface. The shape
effect of the triangular indenter is clearly seen
from the map, and the strain and defect distri-
bution is radially anisotropic. Zone 3 also
contains a projection of the highly positive peak
shifted area under the indent. The defected
bands at 4-5 and 6-7 in Fig. 3(b) are shown as
boundaries where the strain field changes sign in
the depth dimension. This indicates that the
lattice strains have been largely relaxed at this
boundary. Deeper in the bulk (below 4-7), a
light-blue broad band is shown, indicating a
tensile strain field. It is ~40 pm deep and
~95 um in lateral dimension. The two strain
fields (above and below 4-7) have almost no
peak broadening in Fig. 3(b).
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(0)

Figure 3

side view
Topview

(e)

Maps of integrated intensity (a), peak width in arcsec (FWHM value) (b) and peak position shift in degree (¢) of rocking curves around a 600 mN
Berkovich indent in the silicon wafer. The data were extracted from XMDI images at the 004 diffraction and at azimuthal angle of 0°. (d) SEM image
showing the surface morphology around the indent area. (¢) Schematic of the indenter in top and side views. The indent is marked as a triangle in (a), (b)
and (c) in side view. The arrows in (c¢) mark four {111} crystal planes. The marks 1-7 are explained in the text.

In imperfect crystals, the shift of the Bragg peak position
corresponds to a crystal lattice change, i.e. lattice expansion
(or contraction); however, it is also related to the tilt of the
crystal plane (mosaicity). The two parameters can be further
separated. The rocking curve of a diffraction of a crystal plane
can be written as equation (1) (Bowen & Tanner, 1998),

Awy = —tanwg(Ad/d) £ Ag, (1
1
Ad/d = E(Awo + Aw,g) cot b, )
1
Ap = E(Awo — Awyy), 3

where wg is the Bragg angle, Awg is the local peak position
shift from wg, Ag is the tilt of the crystal plane and d is the
lattice parameter. By measuring XMDI at a pair of comple-
mentary azimuthal angles (w, and w;g), the parts due to Ad/d
and Ag can be separated using equations (2) and (3). It should
be noted that the beam paths at the two complementary angles
are not exactly identical because of the different illuminating
volume in the beam path where X-rays penetrate. However,
for a statistically homogeneous medium, the ensemble-aver-

aged intensities over the crystal states for a given value of the
source position are equal in the two geometries for a large
extent of the X-ray plane wave on the surface. The average is
obtained either via an ensemble average over crystal states or
over entry points on the sources (Wilkins, 1981). In general,
two types of strains can be distinguished: (i) micro-strain,
varying from one grain or defect to another on a microscopic
scale; (ii) macro-strain, where the stress is uniform over large
distances. Usually micro-strain is non-uniform and it causes a
broadening of diffraction; while macro-strain is homogeneous,
meaning that all lattices are strained by the same amount,
which in diffraction causes a peak shift. Structural defects
induce local non-uniform strain within a crystal, the strength
of strain obviously being greater at distances close to the
actual defect. In this case, equations (1)—(3) can be also
adopted, but the term A6 is not the peak position shift, but the
peak broadening caused by the non-uniform strain. The
broadening is usually a convolution of instrumental resolu-
tion, grain size, local strain and all type of defects (Cullity &
Stock, 2001).

Figs. 4(a) and 4(b) show the separate Ad/d and Ag maps of
the same indent. The map of Ad/d is directly associated with
the macroscopic stress and, hence, the lattice strain. In the
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Figure 4
(a) Separated Ad/d map and (b) Ag (°) map of the same indent shown
in Fig. 2.

separated maps, it is seen that lattice expansion (contraction)
and tilt coexist, and present similar spatial patterns. The
difference is that the crystal plane inclination usually occurs
at the boundaries of the strain field pads, while the lattice
parameter variation spreads over a continuous smooth field.
The crystal tilt or mosaicity is mostly observed around 1-3,
which is much surface distributed. It can also be noticed that
the Ad/d map gives a higher color contrast which indicates
that Ad/d is dominant at this measuring condition. As a direct
measure of lattice change, the Ad/d map presents a detailed
evaluation of strain and stress field. Similarly the broad
compressive and tensile bands are clearly identified. These
almost defect-free strain bands may imply an elastic strain
character, which was induced by the plastically deformed
region directly under the indent contact. The highest
compression area is found located at ~20 pm deep (mark 3)
below the indenter impression. It is located at the plastic
deformation zone with a lattice contraction rate of
Adld ~1 x 107%

Compared with uniform deformation, gradient-dominant
deformation at the microscale can consistently show remark-
able strengthening effects of materials (Haque & Saif, 2003).
Strain gradient plasticity models have been proposed (Fleck et
al., 1994; Stolken & Evans, 1998) based on the hypothesis that
stress at any points depends not only on the strain, but also on
the strain gradient at that point. It is very critical to quanti-

tatively measure and map the strain gradient in the bulk of
materials.

The quantitative characterization of the strain field gradi-
ents induced by indentation can be easily made from the
XMDI maps. As shown in Fig. 5, data along three vertical and
horizontal profiles were extracted from the Ad/d map. The
gradients were estimated from the slope along the strain
profiles. The central vertical line at 70 um (V70) crosses from
the plastically deformed area (grey) to the deeper compressive
zone (dark blue); a maximum Ad/d gradient of 1.6 X
107 pm™" is observed at ~20 pm under the indent. It is
located at the boundary of these two zones. This local gradient
may cause failures as the wafer undergoes a large stress. The
H18 line also shows large gradients as it crosses the indented
area; the gradient on both side of the central profile peak are
12 x 10 um ™" and —8.8 x 107° um™', respectively. The
crystal lattice variation induces a macroscopic stress in the
wafer. In the (001) directions the Young’s modulus is a
constant, ~130 GPa; the uniaxial stress should have a similar
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Figure 5
(a) Adld map of the same indent as in Fig. 2, meshed with three vertical
and three horizontal profile lines. The marks refer to the distance in
micrometers from the origin (top left) of the map. (b) Ad/d profiles along
the three vertical (V) and three horizontal (H) lines. The stress with
respect to Ad/d is also labeled in the ordinate axis.
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A schematic of indent arrays on the silicon wafer, annealed at 1273 K (a). Indents are made with a Vickers or Berkovich indenter with a series of loads.
The upper five indents are 2 N load made by a Vickers tip; the 5 x 5 array is from 100 mN to 500 mN loads made by a Berkovich indenter. (b) FWHM
and (c) peak position-shift maps of the indented and annealed silicon wafer, extracted from the XMDI data collected from the 220 diffraction in

transmission mode. A profile line is drawn across the indent in (b).

distribution as the strain field but modulated with a constant in
130 GPa, as shown in Fig. 5.

Fig. 6 shows the full-field-of-view of the peak width (b) and
peak position shift (¢) of XMDI maps measured at 220
diffraction and Laue transmission mode of the indented wafer
slowly annealed at 1273 K. A diagram of the indentation array
containing a five 2 N Vickers indent line (large prism) and a
100-500 mN Berkovich indent array (small triangle) is illu-
strated in Fig. 6(a). Some crossed stripes are clearly observed
oriented along the indent array, spreading all over the wafer
surface. Highly structural defected zones generally have a high
contrast in the peak-width map because of the broadening
effect of defects to the diffraction peaks. It is clearly seen that
defects can be well probed and characterized by the peak-
width map of XMDI. The dislocation lines and slip bands can
be resolved and are clearly indentation
load dependent. Each stripe of the slip

dimension and has a FWHM value of 6.9-15 arcsec for each
100 mN-loaded indent, and it extends up to ~180 pm and 14—
122 arcsec for the 2 N-loaded indent.

Fig. 6(c) presents the respective peak position shift map. In
contrast to the peak-width map; the contrast of each array is
rather light compared with the perfect crystal, which indicates
a small shift of the diffraction peak. As the peak shift mainly
reflects the lattice parameter variation or inclination, and
hence the strain field or mosaicity, it clearly indicates that the
slow annealing treatment has largely released the elastic strain
field in the wafer sample.

In a quantitative evaluation, the rocking-curve data at each
pixel over a profile line crossing a 2 N indent edge shown in
Fig. 6(b) (blue line) were extracted from the XMDI data, and
peak fitting was performed. As shown in Fig. 7, the typical

. . . (@)
band is a combination of a certain number

of parallel dislocation lines. Similar
patterns have also been observed by in situ
X-ray topography experiments (Dani-
lewsky et al, 2011) of the same sample
series and ascribed to the accumulation of
oriented dislocation lines. Upon annealing
at high temperature, the dislocation lines
have developed from individual, separate
bands as seen in the above separate peak
width maps, into a well connected disloca-
tion network spreading over the whole
wafer. It is seen that these dislocation slip
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bands are crossed at each indent node in
the indentation array and oriented along
[011] and [011], being perpendicular to
each other. The larger indentation loads
generate a larger highlighted field. The
strain and defect field is ~45um in

Figure 7

in Fig. 6(b).
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0.00
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(a) Fitting of a rocking-curve profile with two pseudo-Voigt functions and one linear function
in a pixel. (b) Plots of peak position shift of the two fitting functions along the blue profile line
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rocking curve at a typical pixel shows a sharp peak imposed on
a broadened peak. In a simple model, two pseudo-Voigt
functions and one linear function were employed for the fit. In
the fit, the peak width of the shape component was kept
constant. In a first-order approximation, the two-Voigt
components can simply represent the distorted and perfect
silicon volume within a pixel. Fig. 7(b) shows the peak position
shift plot of the two Voigt components along the profile line.
The sharp component (V1) is nearly constant, whereas the
broadened component (V2), representing the deformed
region with strain and defects, shows a deep valley at the
center of the indenter impression surrounded by the two
protruding edges on both sides of the indent. This is consistent
with the Raman results (Allen et al., 2010), in which a similar
profile has been observed, and explained as a tensile zone
under the center of the slip bands and two neighboring
compressive areas under the side wall of the indenter. The
strained field is estimated to be ~150 pm in the lateral
dimension.

Previous reports (Tachi et al., 2002; Oliver & Pharr, 1992;
Domnich & Gogotsi, 2002) have mostly focused on the plas-
tically deformed zones under the indenter, where multiphase,
amorphization and phase transition can occur, and can play a
critical role in the mechanical properties and semiconductor
processing. For the first time, the strain field far beyond this
deformed zone has been observed and investigated in a
quantitative way in the bulk of silicon wafers. The advantage
for the synchrotron-radiation-based XMDI method is clearly
demonstrated from the above analysis. It can penetrate the
sample with a depth that can be varied by the X-ray photon
energies and measuring geometric mode. It also presents a
relatively large field of view (several cm?) that allows for a
more reliable evaluation of the whole wafer samples. In
combination with a high-resolution CCD detector, the spatial
resolution is in the scale of a pixel size, i.e. one or several
micrometers. The image data were collected in one shot. In
addition, the selection of reflection planes provides different
geometries for strain mapping. The map measured at 004
diffraction, as these are the planes that are parallel with the
(001) surface of wafers, is more depth dependent; while the
measurement at 220, by projection, is more related to surface
distribution. In a series of images, the XMDI technique
presents a material characterization at two distinct levels: the
crystal lattice measurements at the angstrom or nanometer
level and strain, defect field map at the microscale level, with
the help of the short wavelength of the X-ray probe and high-
resolution area detector. The two-level structural information
is complementary and is of significant importance for the
investigation of electronic, mechanical or transport properties
of crystalline materials. At last the XMDI method is quanti-
tative, the evaluation of rocking-curve data at each pixel by
peak fitting or peak analysis presents high-contrast, high-
resolution field of view; in contrast, the X-ray topography is
limited to resolving the details of the as-received silicon wafers
without any annealing treatment (Danilewsky et al, 2011).

For engineers manufacturing semiconductors, finding
optimal working conditions and minimizing bulk damage in

silicon wafers remain as great challenges. The XMDI method
provides a quantitative characterization of defects and strain
fields around indents, and compares well with earlier FEM
simulations (Ivashchenko et al., 2008) and micro-Raman
spectroscopy (Bowen & Tanner, 2010). Because of the high-
energy X-ray photons employed here, this technique gives
much deeper bulk information compared with micro-Raman
spectroscopy. Various parameters with respect to a Bragg
diffraction peak can be used for a complementary evaluation
of strain and defect fields induced by indentation, therefore,
XMDI presents a more detailed and more sophisticated map
of defects and strain field compared with the simulations
by FEM.

It should also be added that XMDI is much faster than
previous microbeam diffraction which requires fairly focused
X-ray beams and stepwise scanning of samples (Rogan et al.,
2003; Murray et al., 2003). In XMDI, the image data are taken
in one shot; therefore, it is more straightforward and can be
used for in situ investigations.

4. Conclusions

In summary, the XMDI method using synchrotron radiation
was employed to investigate the indent-induced strain and
defect distribution in silicon wafers. The extracted FWHM
values, peak position shift and integrated intensity of diffrac-
tion rocking curves were mapped to present a quantitative
characterization of the two-dimensional distributions of strain
fields and defect locations. The large compressive and tensile
strain zones were mapped out below the plastically deformed
zone under the indent. The distribution is about 100 pm wide
and 100 um deep in the wafer for a 600 mN load indent, and is
dependent on indenter shape and crystal anisotropy. From a
series of XMDI measurements at different azimuthal angles,
the maps corresponding to lattice compression (or tension)
and lattice tilt (mosaicity) were separated. It was found that at
the 004 reflection of XMDI the depth-dependent strain fields
are dominant in the measured strain field. While at the 220
reflection, the XMDI is mostly surface plane oriented. Upon
annealing, the strain and defects can be much released. This
implies an elastic strain nature. The plastically deformed zone
under the indenter impression is shown as a black spot in
XMDI because of numerous defects and distortions; it
generates a maximum strain and stress gradient. This tech-
nique shows potential for the nondestructive analysis and
monitoring of local strain fields and defect locations in semi-
conductor industrial applications.
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