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The residual stress field around spherical indentations on single-crystal silicon of different crystallographic orientations is mapped
by Raman microscopy. All orientations exhibit an anisotropic stress pattern with an orientation specific symmetry that can be
related to the number and type of the active {111}( 110 ) slip systems. Residual compressive stress is concentrated in lobes oriented
along the projection onto the indented plane of the activated slip plane normal and tensile stress regions are arranged alternating

with the compressive stress lobes.
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Residual stress states arising from constrained
localized deformation are critical in determining the man-
ufacturing yield and operational performance of many
advanced silicon (Si)-based devices [1,2]. Deposition
strains and thermal expansion mismatch effects arising
from disparate materials in close proximity can generate
purely elastic residual stresses that alter the Si electronic
band structure [3.4]. In solid-state electronics, infrared
optical and photovoltaic devices this effect can compro-
mise device functionality by altering carrier mobility
and optical absorption characteristics [5,6], although
deliberate “stress engineering” can also be used to en-
hance or tune device performance [7,8]. If such stresses,
intended or otherwise, become great enough they can
initiate dislocations in the Si and subsequent plastic defor-
mation, with usually degrading effects. Conversely, the
localized plastic deformation zones produced at small-
scale surface contacts generate residual stress states in
the surrounding elastic matrix. In microelectromechani-
cal systems (MEMS), particularly those with moving,
contacting parts, this effect can compromise device reli-
ability by leading to the initiation of cracks and compo-
nent failure. Hence, in order to optimize the yield and
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performance of Si devices, measurements of residual
stress states are critical [9].

In this work, residual stress fields around plastic inden-
tations in Si single crystals of three crystallographic orien-
tations are investigated. The indentations are direct
models of the contact flaws that limit the reliability of
MEMS components and are good test vehicles for assess-
ing crystallographic effects in stress-engineered devices.
The residual stress fields are mapped by confocal Raman
microscopy (CRM), which has become a widely estab-
lished technique for analyzing stress distributions at the
nanoscale with suitable resolution, both spatially and in
terms of stress [10—13]. The study extends that of a previ-
ous work [14] in mapping the residual stress field in much
greater detail and with greater surface sensitivity.

Instrumented indentation is a widely used technique to
study the mechanical behavior of diamond cubic Si at
small scales and thus has been exploited in particular as
a model for processes such as deformation and fracture
occurring in micromachining [15-19]. Plastic deforma-
tion of Si single crystals in indentation experiments is
accomplished by dislocation activity and multiple-step
transformations to various high-pressure phases [14,20,
21]. Over the last few years, various contact models for
Siindentation have been proposed to describe the average
thickness and approximate shape of the transformed zone
[22,23] and even the distribution of specific high-pressure
phases within this zone [16,24]. However, these models
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assume an isotropic deformation behavior and stress dis-
tribution for single-crystal Si. But is this assumption really
applicable? Anisotropic arrangements of dislocation
loops (dislocation rosettes) have been observed in previ-
ous indentation experiments on Si(111) and Si(100)
samples [25-28]. As a consequence, anisotropy in defor-
mation and residual stress seems likely. Plastically de-
formed regions of complex three-dimensional shape
were found for indented Si(111) surfaces but a spherical
stress field during indentation was considered [17]. This
is contradicted by the CRM observations on Si(100),
Si(110) and Si(111) [14], X-ray diffraction studies [29]
and finite element method simulations [18], all of which
provide evidence of an anisotropic stress distribution
around indentations in Si.

The test samples in this study were 3 mm thick x
35mm diameter, parallel sided, polished Si(001),
Si(110) and Si(111) disks used previously [14]. The sam-
ples were indented with a conospherical diamond probe
with a nominal radius of 5 pm at room temperature in a
nitrogen-rich atmosphere (temperature: 21 + 1 °C, rela-
tive humidity: 5 + 1%). A conospherical probe was used
so as to not introduce indentation symmetries that
might conflict with those of the sample crystal structure.
Furthermore, the risk of affecting the stress field around
the indentation by crack initiation, as observed for
indentations with pyramidal indenters [19,30,31], is re-
duced. The indenter was displaced perpendicular to
the Si(001), Si(110) and Si(111) surfaces of the disks, re-
sulted in loading along the Si[001],Si[110Jand Si[l111]
directions. During indentation the load was linearly in-
creased with time to the maximum value of 80 mN, held
for 5, and linearly decreased; the loading and unload-
ing rates were 5mN s~'. This peak load deformed the
material plastically (combined with phase transforma-
tion) at the indentation site without generating cracks,
as previous tests have shown [14].

Hyperspectral CRM was used to map the phonon
Raman scattering peak shift resulting from the mechan-
ically induced strain adjacent to the plastic deformation
impressions in the disks. The CRM instrument and
mapping procedures were those used previously [14]
with the following exceptions: an optically pumped
semiconductor laser with a wavelength of 488 nm was
used for excitation. The information depth for this
wavelength is nominally 250 nm for Si, providing great-
er surface sensitivity than previously. The illumination
power was set to 1 mW at the sample surface with the
polarization axis aligned along the ( 110 ) direction for
Si(001) and (112) direction for Si(111) and Si(110).
As previously, a shift in the Raman peak of the longitu-
dinal optical phonon from its zero stress value of
approximately 520.5cm™' to smaller frequencies is
interpreted as a tensile strain or stress and to greater fre-
quencies as a compressive strain or stress [10,13,32].

Figure 1 shows the residual stress maps obtained from
the CRM data, revealing symmetric, anisotropic patterns
of alternating compressive and tensile stress lobes adja-
cent to the contact impression for all three tested orienta-
tions. The impressions are indicated by grayed-out disks
from which data were excluded; the presence of multiple
Si phases in the impressions hinders straightforward data
collection and analysis. The residual stress fields de-
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Figure 1. Residual stress field mapped by CRM of single-crystal Si
indented perpendicular to (a) Si(001), (b) Si(111) and (c) Si(110)
surface plane. Scan sizes: 12.5 um x 12.5 pm.

creased significantly in intensity with increasing distance
from the impressions. The symmetry of the stress field is
specific to the crystallographic orientation and direction
of mechanical loading of the indented Si single crystal.
For the (001) surface, a fourfold stress pattern is observed
(Fig. 1a). The compressive stress lobes are located along
the £[110] and £[110] directions, whereas tensile strain
is detected between the regions of compressive stress
along the £[100]and 4[010] directions. For the (111) sur-
face, a threefold pattern is observed (Fig. 1b) with the
compressive stress lobes extending in the [211],[121], and
[112] directions and tensile lobes extending in the reverse
directions. This observation is in good agreement with
stress maps reported for this orientation in previous
works with pyramidal indenters [29,32]. For the Si(110)
surface, a near twofold symmetry pattern is observed
(Fig. 1c), with compressive stress lobes extending pre-
dominantly in the £[001] directions and tensile lobes
appearing in the near +[112] directions. Not shown here,
for a given orientation the symmetry of the residual stress
field did not change significantly with increasing indenta-
tion load, as long as cracking did not occur, whereas the
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local stress value did change and the stress field extended
farther from the impression.

The irreversible indentation deformation of Si single
crystals occurs by simultaneous dislocation activity and
phase transformation [23], with the phase transformation
becoming the dominant component with increasing
indentation load [33,34]. During indentation loading, dia-
mond cubic Si (Si-I) transforms to the S-tin phase (Si-II)
[35], which undergoes further transformations to other
high-pressure phases (Si-1II, Si-XII), an amorphous
phase or a mixture thereof during unloading [35,36]. If
the shear stress induced by the indenter exceeds the critical
threshold for slip in Si, crystallographic translation of
material is initiated parallel to activated slip planes caus-
ing a distortion of the crystal structure along the slip direc-
tions and, at greater indentation loads, additional
dislocations [33,37]. As the contact and loading condi-
tions are similar to studies in which slip bands and dislo-
cations have been observed [33,37], such defects are most
likely to be present in the samples tested here.

Dislocations and slip are bound to the slip systems dic-
tated by the crystal structure. For the Si-I structure, the
slip systems are similar to those of face centered cubic
crystal systems, {111} slip planes and ( 110 ) slip direc-
tions [38]. Perfect dislocations in this system have Burgers
vector, b = (a/2)( 110 ), where a is the Si-I lattice con-
stant, with common dislocation line directions of { 110 )
at 60° to the Burgers vector. Such 60° dislocations can sep-
arate into 30 and 90° partial dislocations with b = (a/
6)( 112 ). Three modes of dislocation motion are identi-
fied at indentations in Si-I structures: Dislocations with
b inclined to the indented surface that move into the crys-
talon {111} planes (i) converging or (ii) diverging beneath
the indenter, and (iii) dislocations with b parallel to the in-
dented surface that spread primarily parallel to the sur-
face outward from the indenter [39]. Dislocations in (i)
entangle on the intersecting slip planes and, if split into
partials, the leading 30° partials can combine to form Lo-
mer—Cottrell locks; such a system work hardens rapidly
and thus does not contribute much to the indentation
deformation, although could be crucial in initiating phase
transformations to accommodate the deformation.
Molecular dynamics simulations indicate that the high-
pressure phases are located along ( 110 ) directions as
the phase transformation is initiated by an inhomoge-
neous distortion of tetrahedral bonding in the slip direc-
tion [40]. The crystallographic structures of the Si-I
phase and the transformed phases differ significantly lead-
ing to a severely distorted interface along the {111} planes
[41]. Dislocations in (iii) are responsible for extended ro-
sette patterns and are largely suppressed at room temper-
ature. Hence, most of the indentation deformation occurs
through the action of slip system (ii). The residual stress
field external to the contact impression thus arises in reac-
tion to the strain generated by phase transformation
events directly beneath the contact impression [33,37]
and, predominantly, dislocation motion on divergent slip
planes exterior to the transformation zone. The symmetry
of the residual stress field will reflect the symmetry of the
slip processes.

The active slip systems among the 12 possible were
identified by calculating the Schmid factor (Table 1)
for each system, where the Schmid factor is cos¢ xcos4,

Table 1. Schmid factor for various loading directions of diamond
cubic Si.

Slip plane Burgers vector Schmid factor magnitude

direction forloading direction:
[00T] [111] [110]
(111) [101] 0.408 0.272 0.408
[011] 0.408 0.272 0.408
[110] 0 0 0
(111) [011] 0.408 0.272 0
[101] 0.408 0 0
[110] 0 0.272 0
(111) [101] 0.408 0.272 0
[017) 0.408 0 0
[110] 0 0.272 0
(111) [017) 0.408 0 0.408
[101] 0.408 0 0.408
[110] 0 0 0

¢ is the angle between the loading direction and normal
to the slip plane, and /4 is the angle between the loading
direction and the slip direction, here taken as b. The
greater the absolute value of the Schmid factor the
greater is the resolved shear stress and the probability
of slip. Table 1 shows that only two of three possible slip
systems were active on each of the unique slip planes
and that four planes were active for the (001) orienta-
tion, three for (111) and two for (110). The active slip
systems are indicated in Figure 2: the coordinate system
indicates the crystallographic orientation (correspond-
ing to Figure 1) and the schematic diagram represents
the projection of the slip plane and active Burgers vec-
tors onto the indentation plane. For example, (111) is
common to all three orientations as an active slip system
with two active (perfect) Burgers vectors of b= [101]
and [011] and a dislocation line direction of [110].

The physical picture that emerges is that indentation
deformation is accommodated by the motion of material
by dislocation slip away from the indentation in directions
perpendicular to the moving dislocation lines. When pro-
jected onto the indentation plane on which measurements
were performed for the example given, this is the [110]
direction for the (001) indentation plane, the [112] direc-
tion for (111)and the [001] direction for (110). This motion
of material leads to compression in these directions and
the symmetric equivalents, in agreement with the observa-
tions of Figure 1: +[110] and £[110] for (001); [211],[121]
and [112] for (111); and +[001] for (110). Lobes of tensile
stress are then simply generated between the compressive
lobes in reaction to this motion of material. In this view, in
which the physical process is one of indentation accom-
modation by slip on selected planes in selected directions,
it would be expected that the compressive stress field
would best reflect the symmetry of the predominant slip
system. It would also be expected that decreasing the sym-
metry of the predominant slip system would lead to de-
creased constraint on other secondary systems and a
breakdown of the symmetry of the overall residual field.
Figure 1 is consistent with such a view: the compressive
lobes are the best defined feature of the residual field
and the (110) orientation in particular has clear indica-
tions of deviations from twofold mirror symmetry.

In summary, crystallographic orientation significantly
influences the distribution of in-plane residual stress adja-
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Figure 2. Active slip planes projected onto indented surface planes (a)
Si(001), (b) Si(111) and (c) Si(110). The slip planes are highlighted in
grey. The active Burgers vectors are indicated by blue arrows. The
coordinate systems indicated are those used in. (For interpretation of
the references to colour in this figure legend, the reader is referred to
the web version of this article.)

cent to spherical indentations in Si single crystals. All
three orientations measured exhibited a specific, symmet-
rical stress signature related to the orientation and num-
ber of activated {111}{110) slip systems of the Si-I
structure in accordance with the Schmid rule. Compres-
sive stress was concentrated in lobes in directions of the
projection of the slip plane normal, and direction of dislo-
cation line motion, onto the indented plane. Tensile stress
regions were arranged alternating with the compressive
stress lobes. As tensile stresses are responsible for crack
initiation and propagation, the anisotropic distributions
of tensile stress are of particular importance and suggest
strong crystallographic effects in the driving force for frac-
ture at contacts. Such driving forces are superposed on
strong crystallographic effects in the fracture resistance
of Si[19], suggesting that contact-induced crack initiation
and propagation in MEMS components, and thus the
reliability of MEMS devices, will have complex crystallo-
graphic dependencies. Similar crystallographic complexi-
ties will also exist in stress-engineered structures. Finally,
it is obvious that the in-plane stress field around and, one
can conclude, also within the impression is an anisotropic
one, and needs to be considered as such in future ap-
proaches of fundamental modeling of the contact
mechanics of Si single crystal surfaces.
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