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ABSTRACT Cleavage cracking across twin boundaries in free-
standing silicon thin films is investigated in a microtensile frac-
ture experiment. If the twist misorientation is relatively small,
the crack front transmission can be quite smooth; otherwise the
fracture surface may be either planar or broken down into paral-
lel terrains. In all the cases, the local fracture resistance tends to
increase.

PACS 62.20.-x; 68.35.bg; 68.35.Gy; 68.37.-d; 62.20.mm

1 Introduction

While twinning is most pronounced in hexagonal
close-packed (HCP) crystals such as zinc and magnesium,
in silicon, which is a face-centered cubic (FCC) material, as
the external stress and the temperature are relatively low, it
can be an important deformation mechanism [1-3]. It has
been repeatedly observed that during nucleation of crystalline
clusters and film growth of polycrystalline silicon a large
number of twins can be generated [4]. The former is associ-
ated with chair and boat configurations of network atoms [5,
6], and the latter is caused by ledges along crystallographic
planes [7]. Twins can have significant influences on mechani-
cal properties of solids [§—13]. Unlike grain boundaries, twin
boundaries are of regular lattice structures. They can act as
obstacles to dislocation motion and thus increase the yield
strength. However, for silicon, the influence of twinning on
fracture, particularly in the lower shelf of brittle-to-ductile
transition region, has been rarely investigated. Previous stud-
ies in this area were focused on the twinning-induced crack
initiation [14—16]. After microcrack generation, the nature of
interactions between twin boundaries and cracks is still quite
inadequately understood.

In a FCC crystal, twinning usually occurs along energeti-
cally favorable (111)[112] systems. The cleavage surfaces are
either (111) or (110) planes. While a small portion of cracks
and twin boundaries may be parallel to each other, most of
them are misoriented. As a cleavage crack bypasses a twin, its
surface must be twisted and tilted. In fracture experiments on
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bicrystals [17, 18], it was noticed that in a heterogeneous ma-
terial cleavage paths can be interrupted. For example, when
a cleavage front encounters a high-angle grain boundary, its
advance rate can be largely reduced [19]. When it transmits
across the boundary, the crystalline plane in the grain ahead
of the boundary would be cracked first at a number of break-
through points, and the final fracture would occur only after
the persistent grain boundary areas fail. As the crack is broken
down into a number of sections, the concave parts would be
left behind the verge of propagating front, increasing the local
fracture toughness through the crack trapping effect [20]. An-
other mechanism of boundary toughening is related to the
competition between the increase in crack growth driving
force and the increase in local cleavage resistance, which
would eventually lead to unstable crack behaviors [21]. Since
the interruptions of crack propagation at a twin boundary and
at a grain boundary can be somewhat similar, it is reasonable
to argue that twin boundaries may also have a toughening ef-
fect, which is in agreement with the observation of crack arrest
at twins (e.g. [22]).

Silicon films are widely used in microfabrication and
semiconductor industries [23]. Usually, the film thickness is at
the um level. In order to analyze the material behaviors most
relevant to engineering practice, we carry out experiments on
thin-film samples, so that the plane stress condition as well as
the surface effect on deformation are similar to that of micro-
components [24]. The analysis is focused on the behaviors of
individual twins. The interaction among them is beyond the
scope of the current study.

2 Experimental

The thin-film samples were obtained from a boron-
doped polycrystalline silicon wafer. The initial wafer thick-
ness was 10 mm, and the grain size was 15-20 mm. The grains
contained visible twins. The lattice structure of each grain was
determined through Laue X-ray back reflection, and the twin
systems could be identified based on their relative orienta-
tions. In order to generate pre-cracks, the wafer was heated
at 370 °C for 30 min and then partly immersed in cold wa-
ter. A large number of random thermal cracks were produced,
and many of them were arrested by twins. Six suitable crack
tips were marked and cut off by electrical discharge ma-
chining (EDM). Their fracture surfaces were all along {011}
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FIGURE 1 Schematic of the etching system

planes and the twin systems were {111}(112); that is, they
had the same crystalline orientation. The sectioned pieces,
typically with the sizes of 10 x 10 x 10 mm, were sliced by
EDM into 150 to 200 pm thick films along the crack direc-
tions. The cutting path was parallel to the wafer surface. The
silicon films were dried in a vacuum oven for 12 h and sealed
in a vertical condenser by a drying tube with 100 ml of dry
toluene. By using a thermal bath, the temperature was main-
tained at 95 °C. While stirring, 5 ml of chlorotrimethylsilane
was dropped into the condenser. The system was refluxed for
5 days. Then, the films were taken out, washed by dry toluene
and acetone, and dried in air. The film surfaces were slightly
polished to expose the silicon phase. Through this treatment,
the pre-crack surfaces were covered by a dense layer of silyl
groups [25, 26]. In order to reduce the film thickness to the de-
sired level, the silicon film was placed in a porous poly(methyl
methacrylate) (PMMA) holder and immersed in an etchant
(7% of hydrofluoric acid, 75% of nitric acid, and 18% of acetic
acid) in a teflon container, as shown in Fig. 1. The etchant was
driven by a tube pump at a constant rate of 3 ml/min. As it
flowed across the sample surface, the sample was etched and
the byproducts were carried away. The etching rate was in the
range of 2—3 pum/min. The final film thickness was around
10—40 pum.

After being rinsed in acetone, the surface-modified thin
film was mounted on the tension stage of a custom-designed
microtesting machine [27,28]. Through two compound-
flexure loading frames [29], a tensile load normal to the pre-
crack surface was applied, with the loading rate of 5 wm/min.
The peak load, P, at which the pre-crack started to propa-
gate unstably, was measured, based on which the effective
fracture toughness was calculated as Kic = P./ma f(a/wp),
where a is the pre-crack length, w is the sample width, and f is
a geometry factor taking account for the free-edge effect [30].
Figures 2—4 show typical SEM images of fracture surfaces.

3 Results and discussion

The critical stress intensity factors of the sam-
ples under investigation are 1.8MPam!/? (sample 1),
2.1MPam'/? (sample 2), 2.0MPam'/?> (sample 3),
2.1MPam'/? (sample 4), 1.7MPam!/? (sample 5), and

FIGURE 2 A SEM image of the smooth transmission of a cleavage surface
across a twin. The crack propagates from the top to the bottom

2.3MPam!/? (sample 6), respectively, which are consi-
derably higher than that of silicon single crystals (0.9—
1 MPam'/?) [31], indicating that twin boundaries are ob-
stacles to cleavage cracking. It is interesting that, while the
samples are of nominally the same cleavage plane and twin
system, their failure modes are significantly different. In sam-
ple 1 (Fig. 2), the transmission of cleavage front across the
twin boundaries is quite smooth. The film surface is paral-
lel to the {100} plane, and the film thickness is about 7 pm.
The width of the twin is about 2 pm. When the cleavage front
meets the first twin boundary, it continues on the {011} plane.
Since the crystallographic misorientation of the twin is along
the (112) direction, there are both twist and tilt angles be-
tween the fracture surfaces across the boundary, while the
twist angle is relatively small. To shift to the new cleavage
plane, the fracture surface rotates with respect to the crack
propagation direction around a point near the film surface at
the right-hand side. Around this point, secondary cracking
occurs along the twin boundary, connecting the two fracture
surfaces together. At the far end, close to the film surface at the
left-hand side, the fracture surface is curved, transferring to
the misoriented {011} plane quite smoothly, primarily due to
the large number of available cleavage systems in silicon crys-
tals [32]. The fracture surface remains wavy in the twin. At
the second boundary, the crack front propagates without de-
tectable interruptions. Unlike the first boundary, only a small
fraction of the second one is exposed to the cleavage surface.
After the crack bypasses the twin, the orientation of the frac-
ture path is close to the {101} plane, which has the smallest
misorientation angles with the cleavage surface in the twin.
The thickness of sample 2 (Fig. 3a) is about 23 wm. The
film surface is close to the {111} plane. The twin thickness
is around 4 pm. Different from sample 1, the fracture facets,
both inside and outside the twin, are quite planar. When the
crack front reaches the first twin boundary, it abruptly shifts
to the {011} plane. This process is also depicted in Fig. 3b.
There exists a transition point at the crack front, around which
the cleavage plane turns by the required twist and tilt angles.
Secondary cleavage takes place along the twin boundary so
that the separation of the fracture flanks is completed. On the
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SEM image, little river markings can be identified, suggest-
ing that the front transmission occurs uniformly along the film
thickness direction. The front keeps propagating to the sec-
ond boundary and shifts back to the {011} plane, since it is
of the most energetically favorable orientation under the ap-
plied loading. The fracture surfaces ahead of and behind the
twins are parallel to each other, but have a height difference
because of the tilt misorientation of the cleavage plane in the
twin. Similar to the first boundary, secondary cracking takes
place along the second boundary between the transmission
point and the film surfaces.

Figure 4a shows that the thickness of sample 3 is about
32 wm. The crack propagates from right to left. The twin
thickness is around 6 pum. The orientation of the film surface
is near the {112} plane. The cleavage plane in the twin is
{011}. It is clear that the crack behavior is distinct from that
of the first two samples. When the crack bypasses the first
twin boundary, the fracture surface breaks down into a large
number of terrains, which is depicted in Fig. 4b. Between ad-
jacent terrains, secondary cracking happens along the cleav-
age planes normal to the primary cleavage surface, forming
cleavage ridges, or river markings. The river markings are
nearly parallel to each other, indicating that the cleavage front
in the twin is quite straight, and thus the front transmission
must occur almost simultaneously along the entire first twin
boundary. The distance between the cleavage terrains is at
the sub-pm level, ranging from 100 to 300 nm. At the sec-
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(a) A SEM image and (b) a schematic diagram of the planar transmission of cleavage surface across a twin. The crack propagates from right to
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(a) A SEM image and (b) a schematic diagram of sectioned transmission at the first twin boundary and recombination of cleavage facets at the

ond twin boundary, these terrains combine back into a single
{011} plane, parallel to the fracture surface behind the first
boundary.

The three types of crack front behaviors, namely the
smooth transmission (Fig. 2), the planar transmission (Fig. 3),
and the sectioned transmission (Fig.4), represent all the
crack-twin interaction modes in the samples under inves-
tigation. Since the twin system and the orientation of the
cleavage plane are the same for each sample, it is likely that
the difference in crack front behavior is caused by the twist
misorientation of fracture surfaces across the first twin bound-
ary. In the case of the smooth transmission, the twist angle
is relatively small, and therefore by shifting among cleavage
planes of similar orientations the crack front can overcome
the barrier effect of the boundary. The associated fracture
toughness, although much higher than that of crystallographic
planes, is the lowest among all the modes. When the twist an-
gles increase, there is a substantial gap between the fracture
facets across the boundary. Under this condition, the smooth
transmission becomes difficult and the planar transmission
is dominant. Because the separation of twin boundaries de-
mands additional work, the fracture resistance is higher than
in the first case. As the twist angle rises further, if the crack
front behavior were still in the planar transmission mode, the
area of the twin boundaries involved in the process would be
large. A more energetically favorable break-through mode is
the sectioned transmission, in which the front transmits across
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the first boundary at a number of break-through points and
a series of parallel terrains are formed. Thus, the twin bound-
ary area that must be fractured is largely reduced. However,
the formation of cleavage ridges in the twin requires a cer-
tain amount of fracture work. Moreover, the persistent twin
boundary areas in between the break-through points may have
a crack trapping effect. Locally around a break-through point,
the crack front profile can be curved, so the decrease in stress
intensity at the crest of propagating front tends to increase the
requirement of crack growth driving force. Consequently, if
the number density of the terrains were too large the effective
twin boundary fracture resistance would increase. The result
of the two competing mechanisms leads to the regular river
marking pattern observed in the experiment. Note that the
crystals at both sides of the twin are of the same orientation.
Hence, once the crack reaches the second twin boundary, the
fracture surface tends to shift back to the original plane, so that
the fracture work is minimized. That is, the front behaviors at
the two twin boundaries are correlated.

The smooth crack front transmission shown in Fig. 2 may
also be promoted by the relatively narrow twin width. Because
the crystallographic orientation abruptly changes across the
first twin boundary, the stress field ahead of the crack tip is
distorted. If the second twin boundary is relatively far away
from the first one, the distortion can be fully developed and
mode I cracking is dominant. If the twin thickness is rela-
tively small, the crack-tip stress field is constrained and the
T-stress, i.e. the non-singular stress component, can be sig-
nificant, which causes mode II cracking [33] and triggers the
change in fracture direction. Additionally, the free surface ef-
fect on the stress field can be important, which explains why
the cracking mode is different when the film surface orien-
tation varies. If the film surface is close to the (100) plane,
the distortion of the stress field along the transverse direc-
tion is relatively trivial, and thus the crack plane twisting is
suppressed. Once the film surface deviates from this direc-
tion, the lattice structure in front of the crack front becomes
asymmetric, and crystallographic planes of large twist mis-
orientations tend to cleave. Furthermore, the front behavior
should also be dependent on the film thickness. In a thin film,
the integrity of the fracture surface is higher than that in a thick
film. When the crack front is narrower, the front transmission
tends to happen around a single break-through point; that is,
the smooth or the planar transmission modes are easier. With
increasing film thickness, the cleavage plane can be broken
down into a few sections, resulting in the sectioned transmis-
sion mode.

4 Concluding remarks

Clearly, the above discussion does not provide
a definitive answer to the question of what the dominant fac-
tors of crack-twin interactions are. Nevertheless, according to
the experimental results, it can be seen that there are three

main cleavage front transmission modes at twin boundaries.
When the twist misorientation of cleavage planes across the
first twin boundary is relatively small, the fracture surface
tends to transmit smoothly into the twin. If the twist angle
is relatively large, planar transmission mode dominates. As
the twist misorientation further increases, the crack plane can
break down into a number of terrains. After the crack front by-
passes the second twin boundary, the fracture surface tends to
be planar. In addition to the orientation of the crack plane and
the twin system, the crack front transmission can also be as-
sociated with the effects of the orientation of the film surface,
the film thickness, as well as the twin width. In all the cases,
the fracture resistances offered by twin boundaries tends to be
higher than that of single crystals.

REFERENCES

1 M. Pitteri, G. Zanzotto, Continuum Models for Phase Transitions and
Twinning in Crystals (CRC Press, Boca Raton, FL, 2002)
2 Y.Q. Wang, R. Smirani, G.G. Ross, Nano Lett. 4, 2041 (2004)
3 Y.Q. Wang, R. Smirani, G.G. Ross, F. Schiettekatte, Phys. Rev. B 71,
161310 (2005)
4 R. Sinclair, J. Morgiel, A.S. Kirtikar, LW. Wu, A. Chiang, Ultrami-
croscopy 51, 41 (1993)
5 D. Pribat, P. Legagneux, F. Plais, C. Reita, F. Petinot, O. Huet, MRS
Proc. 424, 127 (1997)
6 R. Drosd, J. Washburn, J. Appl. Phys. 53, 397 (1982)
7 F.A. McClintock, A.S. Argon, Mechanical Behavior of Materials (Ce-
ramic Book & Literature Service, Marietta, OH, 1999)
8 L.Lu, M.L. Liu, K. Lu, Science 287, 1463 (2000)
9 H.J. Song, X.H. Li, J.F. Huang, Chin. J. Chem. 24, 273 (2006)
10 B.Q. Han, E.J. Lavernia, F.A. Mohamed, Rev. Adv. Mater. Sci. 9, 1
(2005)
11 S.N. Gorin, L.M. Ivanova, Phys. Stat. Solidi B 202, 221 (1997)
12 F. Hamdi, S. Asgari, Met. Mater. Trans. A 39A, 294 (2008)
13 D.T.J. Hurle, P. Rudolph, J. Cryst. Growth 264, 550 (2004)
14 A. Satta, E. Pisanu, L. Colombo, F. Cleri, J. Phys.: Condens. Matter 14,
13003 (2002)
15 P. Mullner, Solid State Phenom. 87, 227 (2002)
16 G. Wagner, P. Paufler, Phys. Stat. Solidi A 113, 389 (1993)
17 Y. Qiao, A.S. Argon, Mech. Mater. 35, 129 (2003)
18 Y. Qiao, A.S. Argon, Mech. Mater. 35, 313 (2003)
19 K. Ravi-Chandar, Dynamic Fracture (Elsevier Sci., San Diego, CA,
2004)
20 X. Kong, Y. Qiao, Fatigue Fract. Eng. Mater. Struct. 28, 753 (2005)
21 Y. Qiao, Mater. Sci. Eng. A 361, 350 (2003)
22 D. Hull, Fractography (Cambridge Univ. Press, Cambridge, UK, 1999)
23 M.J. Madou, Fundamentals of Microfabrication (CRC Press, Baco Ra-
ton, FL, 2002)
24 L.B. Freund, S. Suresh, Thin Film Materials (Cambridge Univ. Press,
Cambridge, UK, 2004)
25 A. Han, Y. Qiao, Langmuir 23, 11396 (2007)
26 A.Han, Y. Qiao, Chem. Lett. 36, 882 (2007)
27 A.Han, Y. Qiao, J. Phys. D Appl. Phys. 40, 5743 (2007)
28 J. Chen, Y. Qiao, Scripta Mater. 57, 1069 (2007)
29 J. Chen, Y. Qiao, Appl. Phys. A, in press
30 S. Gudlavalleti, L. Anand, in: Proc. 2001 ASME IMECE (New York,
2001)
31 B.L. Boyce, J. M Grazier, T.E. Buchheit, M.J. Shaw, J. MEMS 16, 179
(2007)
32 D.H. Alsem, O.N. Pierron, E.A. Stach, C.L. Muhlstein, R.O. Ritchie,
Adv. Eng. Mater. 9, 15 (2007)
33 M.F. Kanninen, C.H. Popelar, Advanced Fracture Mechanics (Oxford
Univ. Press, Oxford, UK, 1985)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


