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Abstract. A theoretical model is suggested which describes a special mechanism for emission
of grain boundary (GB) dislocations by nanovoids (nanoscale voids) in plastically deformed
polysilicon materials. In the framework of the model, GB dislocations are emitted from nanovoids
by ideal nanoscale shear events under the shear stress action. The characteristic values of the
flow stress needed to initiate GB dislocation emission from nanovoids are estimated and shown
to be close to those that characterize plastic flow in polysilicon. With the results of the suggested
theoretical model, evolution of nanovoids along GBs in polysilicon materials at quasistatic and

fatigue load regimes is discussed.

1. INTRODUCTION

Polysilicon serves as the dominant constitutional
material for integrated circuits and
microelectromechanical systems (MEMS) and
thereby represents the subject of intensive research;
see, e.g., [1-12]. Of crucial importance for perfor-
mance of MEMS based on polysilicon are its me-
chanical properties. Commonly, polysilicon shows
a brittle behavior at low temperatures, because of
high values of the Peierls barrier for lattice disloca-
tion movement [7,9,10]. At the same time, in re-
cent years, delayed fracture of fatigued polysilicon
under applied cyclic stresses has been well docu-
mented; see, e.g., [5,6,10]. This phenomenon
means that damage accumulation and/or plastic
deformation precede the complete fracture of
polysilicon. Following the results of recent experi-
ments [10], lattice dislocation slip is not significant
in polysilicon at low temperatures, while GB sliding
— plastic shear along GBs - plays a crucial role in
the plastic deformation of polysilicon at low tem-
peratures. Besides GBs, nanovoids often exist in

as-fabricated polysilicon for MEMS applications [12].
Also, nanovoids can be intensively nucleated at lo-
cal stress concentrators in polysilicon during plas-
tic deformation, as with other crystalline materials.
In these circumstances, nucleation and evolution of
nanovoids under applied stresses can be attributed
to damage accumulation in polysilicon. Since
nanovoids are typical elements of the defect struc-
ture of polysilicon under mechanical load [12], they
are expected to strongly affect GB sliding in
polysilicon at low temperatures. In particular,
nanovoids located at GBs and their triple junctions
[12] can serve as effective sources of GB disloca-
tions, carriers of GB sliding. The standard mecha-
nism for emission of GB and lattice dislocations by
nanovoids is realized through nucleation of these
dislocations at the nanovoid free surface and their
further movement into the material surrounding the
nanovoid [13,14]. However, the standard mechanism
is specified by a rather large energy barrier [13,14]
and thereby can provide emission of GB and lattice
dislocations by nanovoids in only crystalline materi-
als under shock loading with extremely high applied
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Fig. 1. Mechanisms for emission of lattice dislocations in polysilicon (two-dimensional schematic repre-
sentation). (a) Initial state of silicon containing a nanovoid. (b)-(d) Standard emission mechanism is realized
by (b) generation of lattice dislocation at nanovoid free surface and (c, d) its further glide in crystal lattice of
silicon. (e)-(g) New emission mechanism involves a nanoscale ideal shear. (e) A nanoscale ideal shear
occurs along plane fragment AC and results in the formation of both non-crystallographic partial dislocation
with infinitesimal magnitude s of Burgers vector and generalized stacking fault AC. (f) The Burgers vector
magnitude b continuously increases and (g) reaches the magnitude b, that characterizes a perfect lattice
dislocation.

stresses [13]. The main aim of this paper is to sug- characterized by the absence of any energy barrier
gest and theoretically describe a new mechanism for emission of GB dislocations by nanovoids in wide
for emission of GB dislocations by nanovoids. This ranges of parameters of polysilicon deformed at low
mechanism involves a nanoscale ideal shear and is temperatures and comparatively low applied
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stresses. Also we will discuss the effects of GB
dislocation emission from nanovoids on their evolu-
tion in polysilicon at quasistatic and fatigue load

regimes.

2. EMISSION OF DISLOCATIONS
FROM NANOVOIDS IN
POLYSILICON: STANDARD AND
NEW MECHANISMS

Let us discuss the specific features of the standard
and new mechanisms for dislocation emission from
nanovoids in the exemplary case of lattice disloca-
tions in polysilicon. This case clearly illustrates the
difference in geometry between the standard and
new mechanisms. Then we will discuss the spe-
cific features of emission of GB dislocations from
nanovoids in polysilicon.

Let us consider a nanovoid in a polysilicon speci-
men under mechanical load (Fig. 1a). Figs. 1a-1d
show schematically the standard mechanism for
dislocation emission from nanovoid. At the begin-
ning of the standard mechanism action, a lattice
dislocation nucleates at the nanovoid free surface
(Fig. 1b). Then the dislocation glides under the shear
stress action from the nanovoid to a surrounding
material (Figs. 1c and 1d). During the standard dis-
location nucleation and glide processes (Figs. 1a—
1d), its Burgers vector magnitude b, is always con-
stant [13,14]. The calculations [13,14] have shown
that the standard mechanism is specified by a rather
large energy barrier and thereby can not effectively
operate in materials at conventional quasistatic load
conditions. The standard mechanism can provide
emission of GB and lattice dislocations by nanovoids
in only crystalline materials under shock load
characterized by extremely high values of the ap-
plied stress.

However, dislocation emission from nanovoids
in polysilicon and other materials may also occur
by a new alternative mechanism, namely the nucle-
ation of a “non-crystallographic” partial dislocation
located at a finite distance from the nanoviod free
surface and characterized by a Burgers vector mag-
nitude (hereinafter called strength) b growing from
zero to the strength b, of a perfect lattice disloca-
tion (Figs. 1a, 1e—1g). As to details, the new mecha-
nism for dislocation emission from nanovoids (Figs.
1a, 1e—1g) operates as follows. First, a local mo-
mentary ideal shear (a rigid-body shear) occurs
along the nanoscale plane fragment AC (Fig. 1e).
The momentary ideal shear is characterized by a
small shear magnitude b and produces a planar
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stacking fault generalized AC of a finite nanoscopic
length (Fig. 1e). The stacking fault ends at a “non-
crystallographic” partial dislocation characterized by
a non-quantized Burgers vector b with quite a small
magnitude (strength) b << b, (Fig. 1e). Then, due
to the shear stress action, the partial dislocation
strength b continuously increases (Fig. 1f). Finally,
the dislocation strength b reaches the strength b,
of a perfect dislocation (Fig. 1g), in which case the
stacking fault disappears. (In general, the mecha-
nism can stop at the stage shown in Fig. 1f, in which
case it produces a partial dislocation.)

The final state of the system (Fig. 1g) with the
dislocation emitted by the new mechanism is iden-
tical to that (Fig. 1d) of the system with the disloca-
tion emitted by the standard mechanism. Therefore,
the difference between the mechanisms can be not
identified by conventional “ex-situ” experiments. At
the same time, the new mechanism for dislocation
emission operates by nanoscale ideal shear that
has its analog effectively operating in Gum Metal, a
special titanium alloy with a low resistance to shear
in certain crystallographic planes [15,16]. Follow-
ing [16], plastic flow in Gum Metal is carried by
nanodisturbances, nanoscale dipoles of “non-crys-
tallographic” partial dislocations characterized by
continuously growing strength values and nucleated
by nanoscale ideal shear events. Also, a similar
mechanism for plastic deformation by nanoscale
ideal shear events can operate in nanocomposites
[17] and nanocrystalline metals [18] (where stan-
dard mechanisms for dislocation nucleation in
nanoscale grains are suppressed; see, e.g., [19—
21]). This allows us to think that the new mecha-
nism for dislocation emission can operate in
polysilicon, although its experimental identification
is difficult.

In terms of the dislocation theory, the new mecha-
nism for dislocation emission is described as a con-
tinuous growth of the strength b of the dislocation
located at a nanoscopic distance from the nanovoid.
In doing so, the strength b increases from 0 to b, ,
the strength (Burgers vector magnitude) of a perfect
lattice dislocation.

Following [14], nanovoids can be characterized
by non-zero Burgers vectors, because their nucle-
ation often is accompanied by absorption of dislo-
cations. In the situation where a nanovoid is char-
acterized by a non-zero Burgers vector B, the new
mechanism for dislocation emission is described in
terms of the dislocation theory as a continuous
“transfer” of the Burgers vector B or its part from the
dislocated nanovoid to the emitted dislocation. The
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Fig. 2. Emission of lattice and grain boundary dis-
locations from cylindrical nanovoid. (a) Initial state
of silicon containing a nanovoid (characterized by
Burgers vector B) at grain boundary. (b) Emission
of lattice dislocation by nanoscale ideal shear from
nanovoid. Lattice dislocation and nanovoid are con-
nected by generalized stacking fault (dotted seg-
ment). (c) Emission of grain boundary dislocation
by nanoscale ideal shear from nanovoid. Grain
boundary dislocation and nanovoid are connected
by generalized stacking fault (dotted segment).

dislocation in question is located at a nanoscopic
distance from the nanovoid. The continuous growth
of the strength b of the emitted dislocation is ac-
companied by a continuous change of the energy
of the generalized stacking fault formed between
the dislocation and the nanovoid. The change obeys
a law that will be discussed in the next section.
Now let us consider the new mechanism for
emission of GB dislocations from nanovoids in
polysilicon. Perfect GB dislocations serve as carri-
ers of GB sliding [19,22] that serves as the domi-
nant deformation mode in polysilicon at low tem-
peratures [10]. Perfect GB dislocations in a GB are
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characterized by Burgers vectors being lattice vec-
tors of the dense-shift-complete lattice that de-
scribes the GB symmetry [22]. Typical values of
the GB Burgers vector magnitude b, characteriz-
ing a perfect GB dislocation are around 0.06-0.10
nm [22].

Emission of a perfect GB dislocation by the new
mechanism occurs through a nanoscale ideal shear
in the way similar to that shown in Figs. 1e-1g. The
main difference between emission events for lattice
and GB dislocations (Fig. 2) is in their Burgers vec-
tor magnitude. During the emission by a nanoscale
ideal shear, a GB dislocation nucleates at a finite
distance from the nanovoid, and its characteristic
Burgers vector magnitude b continuously grows from
0 to b, The non-perfect GB dislocation and the
nanovoid are connected by a generalized stacking
fault in the GB plane (Fig. 2c). The stacking fault is
not well defined in the GB phase whose structure is
more disordered than the perfect crystal structure
[18,22]. In any event, the energy density (per unit
area) of the generalized stacking fault in an initially
disordered GB structure is much lower than that of
the ‘true’ stacking fault in a perfect crystal. In this
case, the generalized stacking fault formation (Figs.
1e—1h) just slightly influences the GB structure and
thereby energy characteristics.

3. ENERGY CHARACTERISTICS OF
DISLOCATION EMISSION FROM
NANOVOIDS IN POLYSILICON

Let us calculate the energy characteristics of the
new mechanism for dislocation emission and com-
pare them with those of the standard mechanism.
To do so, consider a model dislocated nanovoid in a
deformed polysilicon subjected to the action of an
external shear stress t= Ty (Fig. 2). Such a nanovoid
can serve as a dislocation source as schematically
shown in Fig. 2. For simplicity of mathematics, the
nanovoid is assumed to have a cylindrical form (Fig.
2). Also, we suppose that the nanovoid has a ra-
dius R, and is characterized by a Burgers vector B
(Fig. 2a). Emission of dislocations from a dislocated
nanovoid - nanovoid characterized by a non-zero
Burgers vector B - is evidently enhanced compared
to that from a non-dislocated nanovoid. It is due to
the effects of the stresses created by the dislocated
nanovoid.

Figs. 2b and 2c illustrate the dislocation
emission processes by the new mechanism for lat-
tice and GB dislocations, respectively. The gener-
alized stacking fault of length d'is shown as dashed
segment. To calculate the energy characteristics of
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the emission processes, we will use formula for the
energy change AW’ of the system due to nucle-
ation of a dislocation characterized by Burgers vec-
tor b and located at a distance d from the nanovoid.
This formula is as follows [14]:

_ Dby’

AW’ —{In& +In(d” - 1)}
2 r,

0

Db’® B ~ 1
+——131-—| 2Ind - =
2 b d (1)
Db? {2TR0(~ 2 2)}
- d—:'i-,..—3 .
2 | Db d d

Here D = G/[2n(1-v)], d=d R,, G denotes the shear
modulus, v the Poisson ratio, R, the nanovoid ra-
dius, and r, the screening length for the stress field
of the dislocation with strength b.

In an analysis of the dislocation emission by a
nanoscale ideal shear (Fig. 2), besides the energy
change given by formula (1), the energy of the gen-
eralized stacking fault should be taken into account.
In the case of GB dislocation emission by a
nanoscale ideal shear (Fig. 2c), following the ap-
proach [18], the energy W of the generalized
stacking fault is approximated by a periodic func-
tion of b in the range from 0 to b_,, and the result
reads:

GB’

. mb
W™ = &y odsin—, (2)

GB

where y, is the specific energy density (per unit area)
of the standard stacking fault in crystalline silicon
(bulk phase), A is the factor taking into account the
effect of a disorder of GB structures on the general-
ized stacking fault energy in a GB (A < 1; see a
discussion in the end of section 2), and b is the
Burgers vector magnitude b, characterizing a per-
fect GB dislocation. In the framework of the model
suggested, the energy W of the generalized
stacking fault is approximated by a periodic func-
tion of b in the range from 0 to b, in which case it
reaches its maximum value of W *°= iy d at b =
b,/2andis equalto 0 (W **=0)at b = b, Finally,
the emission of GB dislocations from nanovoids (Fig.
2 c) in deformed polysilicon is characterized by the
energy change

AW, = AW’ + W, (3)

where AW and W > are given by formulas (1) and

(2), respectively.
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Fig. 3. Dependence of the energy barrier (that ham-
pers emission of grain boundary dislocation) on ra-
tio of the distance d, (between the dislocation and
nanovoid in silicon) to nanovoid radius R;. Calcula-
tions are performed for emission from a nanovoid of
radius R =10b, under the action of external shear
stress T =1 GPa. Curves 1, 2 and 3 correspond to
nanovoid Burgers vector magnitudes B=0, 0.25b,,
0.5b,, respectively. Dashed curves 7', 2'and 3'show
the corresponding values of the energy barrier for
GB dislocation emission by the standard mecha-
nism.

In the situation with emission of lattice dis-
locations, one can use results of several computer
simulations [23-25] of the energy of the general-
ized stacking fault in silicon. The calculated values
of the energy vary widely depending on the calcula-
tion technique. However, for even the lowest level of
the energy, our corresponding estimates show the
lattice dislocation emission by nanovoids (Fig. 2 b)
to be energetically unfavorable at realistic values of
the applied stress. In these circumstances, we will
focus our further consideration on the situation with
emission of GB dislocations in deformed polysilicon.

Formulas (1)-(3) allow us to calculate the de-
pendence of the energy barrier (that hampers emis-
sion of GB dislocation) on the distance d, between
the dislocation and nanovoid in polysilicon. In doing
so, we use the following typical values of param-
eters for silicon [24]: G =63.75 GPa, v = 0.26,
¥,= 0.06 J/m?, and the lattice parameter
a = 0.543 nm. Typical magnitude of Burgers vector
characterizing a perfect lattice dislocation in silicon
isb =al \/E while magnitude of Burgers vector
characterizing a GB dislocation is supposed to be
b, = 0.1 nm. Also, the screening length for the dis-
location stress field and the factor A are taken as
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r,=band A= 0.1[18], respectively. Fig. 3 presents
results of our calculations of the energy barrier for
GB dislocation emission by nanoscale ideal shear
events (Fig. 2 c) from a nanovoid of radius R, = 10b,
for various values of the Burgers vector magnitude
B characterizing the nanovoid under the action of
external shear stress t = 1 GPa. The dependences
(Fig. 3) of the energy barrier on the distance d, be-
tween the dislocation and nanovoid in polysilicon
are calculated by formulas (1)—(3). Dashed lines in
Fig. 3 show the corresponding values of the energy
barrier for GB dislocation emission by the standard
mechanism. These values (Fig. 3) are calculated
by formula (1) of paper [14]. From Fig. 3 it follows
that the energy barrier for GB dislocation emission
by nanoscale ideal shear events decreases with ris-
ing the distance d,, (between the dislocation and
nanovoid) and even becomes 0 at critical distance
d,. That is, the GB dislocation emission by
nanoscale ideal shear events can occur as a non-
barrier process in certain ranges of parameters of
the system under consideration.

The dependence of the critical distance d,, (at
which the transition from barrier to non-barrier GB
dislocation emission occurs) on the applied stress
is presented in Fig. 4. In calculation of this depen-
dence, the same values of parameters have been
used as with calculation of the energy barrier in Fig.
3. From Fig. 4 it follows that the critical distance
decreases with rising the applied stress level. That
is, the GB dislocation emission by nanoscale ideal
shear events enhances when the applied stress in-
creases. Also, note that, following our theoretical
analysis, the GB dislocation emission by the new
mechanism occurs in the non-barrier way in
polysilicon at values of the applied stress < 2GPa
(Fig.4). The stress level < 2GPa is smaller than
experimentally measured values of the strength
(around 2.7 GPa) of polysilicon in the standard
monotonic bend test, a version of quasistatic load-
ing [10]. Consequently, the GB dislocation emis-
sion by the new mechanism can effectively occur in
polysilicon deformed at realistic values of the ap-
plied stress.

4. EVOLUTION OF NANOVOIDS AT
GRAIN BOUNDARIES IN
POLYSILICON AT QUASISTATIC
AND FATIGUE LOAD REGIMES

Let us discuss the specific features of evolution of
nanovoids at grain boundaries in polysilicon at
quasistatic and fatigue load regimes. With the re-
sults of our theoretical analysis given in the previ-
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Fig. 4. Dependence of critical distance d,, (at which
the transition from barrier to non-barrier grain bound-
ary dislocation emission occurs) on the applied
stress, for nanovoid radius R, = 10b, and nanovoid
Burgers vector magnitude B=0.
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Fig. 5. Elongation of nanovoid due to numerous
events of emission of grain boundary dislocations
by the new mechanism in deformed polysilicon.

ous sections, nanovoids can effectively emit GB
dislocations in polysilicon quasistatically deformed
at realistic values of the applied stress <2GPa. In
these circumstances, numerous events of GB dis-
location emission can induce irreversible elongation
of nanovoids as shown in Fig. 5.

In the case of fatigue load of polysilicon, GB dis-
location emission and associated evolution of
nanovoids have their specific features differing them
from those occurring in polysilicon under a
quasistatic load. In general, fatigue cycling is char-
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acterized by the load ratio F defined as the ratio of
the minimum stress to the maximum stress in the
cycle. A tensile stress is taken as positive, while a
compressive stress is taken as negative. The com-
monly used fatigue load tests are symmetric ten-
sion/compression stress cycling (F = —1), non-sym-
metric tension/compression stress cycling (0 > F
> —1) and zero/tension stress cycling (F = 0). In the
typical second and third cases (F=0and 0 > F > —
1, respectively), during one cycle, the applied stress
causes GB dislocation emission and associated evo-
lution of nanovoids to occur in the way similar to
that in polysilicon under a quasistatic mechanical
load. In the first approximation, one expects that in
consideration of the effect of cyclic loading on these
processes, one can replace the cyclic stress by
the mean applied stress over the cycle.

For symmetric tension/compression stress cy-
cling (F = —1), during one cycle, any events of GB
dislocation emission and associated evolution of
nanovoids occurring due to the action of an applied
tensile stress is compensated by that due to the
action of an applied compressive stress. Therefore,
tension/compression stress cycling hardly can
cause the irreversible evolution of nanovoids, shown
in Fig. 5. However, the irreversible evolution may
occur in response to additional stresses induced
by stress concentrators. For instance, polysilicon
parts of MEMS often have non-flat free surfaces with
notches and other geometric irregularities playing
the role of stress concentrators. These stress con-
centrators provide both additional stresses acting
in GB planes and thereby the irreversible evolution
of nanovoids (Fig. 5). In this situation, in an analy-
sis of nanocrack formation, one should operate with
the effects of the local mean stress near a stress

concentrator in the cycle.

5. CONCLUDING REMARKS

Thus, in this paper a new mechanism for emission
of GB dislocations by nanovoids in deformed
polysilicon has been suggested. The mechanism
represents the nucleation of “non-perfect” GB dislo-
cation located at a finite distance from nanovoid and
characterized by continuously growing Burgers vec-
tor magnitude (Fig. 2c). According to our analysis
of the energy characteristics of this mechanism, it
can effectively operate in a non-barrier regime in de-
formed polysilicon. Nanovoids can effectively grow
(elongate) along GBs by emission of GB disloca-
tions in deformed polysilicon at quasistatic and non-
symmetric cyclic load regimes. Curved free surfaces

serve as stress concentrators capable of initiating
both the emission of GB dislocations from nanovoids
and their elongation in polysilicon specimens under

symmetric tension/compression cyclic load.
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