
ELECTRONIC MATERIALS

Dislocation-controlled microscopic mechanical

phenomena in single crystal silicon under bending

stress at room temperature

Hiroshi Yamaguchi1, Junichi Tatami1,2,* , Tsukaho Yahagi2, Hiromi Nakano3,
Motoyuki Iijima1,2, Takuma Takahashi2, and Toshiyuki Kondo2

1Yokohama National University, 79-7 Tokiwadai, Hodogayaku, Yokohama, Kanagawa 240-8501, Japan
2Kanagawa Institute of Industrial Science and Technology, 705-1 Shimoimaizumi, Ebina, Kanagawa 243-0435, Japan
3Toyohashi University of Technology, 1-1 Hibarigaoka, Tempaku, Toyohashi, Aichi 441-8580, Japan

Received: 19 September 2019

Accepted: 28 January 2020

Published online:

11 March 2020

� Springer Science+Business

Media, LLC, part of Springer

Nature 2020

ABSTRACT

Silicon is widely used within energy, electro-mechanical, environmental devices

by nanostructural control. As silicon parts constitute structural components

whose size is ever decreasing, it is critical to understand the mechanical prop-

erties of single crystal silicon from precise measurements of load and dis-

placement using microscopic sample in sub-micron and macroscopic scales.

Here, the mechanical properties of single crystal silicon were precisely evalu-

ated by bending tests at room temperature using microcantilever beam speci-

mens having a several micron size. The microcantilever beam specimens were

prepared using a focused ion beam technique, followed by loading the tip of the

specimens. The smaller specimens deformed nonlinearly and then fractured.

The unloaded specimen after nonlinear deformation showed permanent strain

and many dislocations close to the region where high tensile stress was applied.

This means that the nonlinear stress–strain relationship in the very high bending

stress is determined by plastic deformation controlled by dislocation despite

occurring at room temperature. The bending strength increased with a decrease

in specimen size, and the smallest specimens had close to ideal strength. The

size of the region where the dislocations accumulated in high density corre-

sponded to the flaw size estimated from the fracture mechanics. This means that

the bending strength of the microcantilever beam specimens of silicon is dom-

inated by newly generated defects resulting from dislocations; in other words,

the size effect of bending strength of silicon at the micrometer scale is controlled

by the accumulation of newly formed dislocations because the dense dislocation

region should be lower in a smaller-sized specimen.
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Introduction

Silicon, a widely known semiconductor material, is

often used in various devices with nano- to

macrostructures such as solar power generation [1],

lithium-ion batteries [2, 3], photovoltaics [4], and

microelectromechanical systems devices [5–12]. Such

devices require both excellent functionality and

highly reliable mechanical properties as they are a

part of structural components. It is well known that

bulk single crystal silicon material typically fractures

in a brittle manner at room temperature [13, 14]. The

bending and tensile strength of larger specimens of

such brittle materials are controlled by the size of

defects according to the theory of fracture mechanics.

Thus, a reduction in the overall sample size of a

sample can result in an increase in both the bending

and tensile strength, owing to a decrease in the size of

the fracture origin [15]. It is critical to evaluate and

form comparisons of mechanical properties using

specimens of the same scale of the resulting device to

increase the mechanical reliability of such micro-

scopic devices. Additionally, mechanical properties

specific to the microscopic scale may appear, owing

to the high-stress field.

The mechanical properties of small single crystal

silicon specimens have been evaluated using various

techniques [12, 16–41]. Micropillar compression and

indentation tests have been carried out using a dia-

mond indenter [16, 17]. The compressive strength of

brittle materials is usually measured to be higher

than either their bending or tensile strength. These

materials typically plastically deform as a result of

these compression and indentation tests when the

compressive strength exceeds the yield stress result-

ing from the generation and movement of disloca-

tions. Two types of dislocation may occur within

diamond structured single crystal silicon: shuffle set

dislocation and glide set dislocation. When single

crystal silicon is compressed at 400 �C or higher, the

glide set dislocation is predominant active dislocation

mode [18–21]. At lower temperatures, however,

indents and scratches result in shuffle set dislocation,

a complete dislocation [22, 23]. When compressed at

room temperature, samples display a combination of

dislocation types as the dominant shuffle set dislo-

cation transforms to glide set dislocation [24–26].

Similar to temperature effects, it has been reported

that dislocations generated under compressive stress

affect the mechanical properties of silicon [27].

Additionally, the plastic deformation of single crystal

silicon has been observed in both tensile and bending

tests at 400 �C [28, 29] and by grinding tests [30],

respectively. The evaluation of bending and tensile

strength has been carried out with specimens as small

as several lm [12, 28, 31–41]. The results obtained by

these studies revealed that small specimen can exhi-

bit extremely high tensile and bending strength

amounting to several GPa. Furthermore, the size

effects of tensile strength for single crystal silicon

have been reported [12]. In the case of small speci-

mens, similar high strength values have also been

reported for other materials [42–49].

Although the mechanical properties of micro single

crystal silicon have been evaluated through various

methods, as mentioned above, there still exist many

aspects and characteristics that have not been exam-

ined. The same phenomena likely occur under both

tensile and compressive stress. However, plastic

deformation has been observed only under com-

pression tests at room temperature. As the tensile

strength and bending strength of small specimen are

very high, amounting to several GPa, single crystal

silicon is expected to plastically deform at room

temperature when subjected to either tensile or

bending stress; this active deformation mode is due

to the generation and movement of transposition.

Moreover, it may be difficult to specify portions of a

specimen that has undergone plastic deformation

because the measurement of tensile stress is per-

formed by applying force uniformly to the entire

specimen. Due to a high degree of localization in the

higher tensile stress region during a bending test, one

may easily observe possible dislocations. Defects that

are expected to control the strength and its size effect

in a microscopic specimen have not been sufficiently

clarified for either bending or tensile modes. Fur-

thermore, previous studies yet to resolve these issues,

owing either to improperly measured displacements

or observing specimens using TEM only after

applying stress.

Herein, the yield phenomenon and strength of

small single crystal silicon specimens under bending

stress were successfully evaluated at room tempera-

ture by subjecting microcantilever beam specimens

prepared using a focused ion beam technique (FIB) to

a bending test. The relationship between the applied

load and the displacement of the loading point was

evaluated through observations made by scanning
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electron microscopy (SEM) observation of the frac-

ture surface and TEM observations of pre-fracture

specimens after applications of high bending stress

were carried out.

Experimental

Microcantilever beam specimens were prepared on

the surface of single crystal silicon via FIB (XVision

200 TB, SII NanoTechnology Inc., Tokyo, Japan). The

crystal orientation in the longitudinal direction of the

specimens was \1 1 0[, and the crystal plain at the

top of the specimen was (1 0 0). The surface of the

single crystal silicon used in this study underwent

chemical mechanical polishing before machining the

microcantilever beam specimens. The dislocation

density—as measured by counting the number of

etch pits—was 2.6 9 103 cm-2. A microcantilever

beam specimen was fabricated using an acceleration

voltage of 30 kV. As presented in Table 1, three types

of specimens were prepared with various heights,

widths, and lengths. As a representative example, the

MEDIUM specimen, prepared using the focused ion

beam technique, is shown in Fig. 1. The microcan-

tilever beam specimens were fractured by loading

applied at a load point distance presented in Table 1

from the fixed end of the beam. The bending tests

were carried out on the microcantilever beam speci-

mens using a nanoindenter (TI Premier, Bruker,

USA). The load was applied to the specimens using a

cube corner-type diamond indenter with an approach

rate of 30 nm s-1. For SMALL samples only, the

loading rate was set to 15 nm s-1. The relationship

between the load and displacement was obtained

through a bending test conducted on the specimens.

Some of the MEDIUM specimens were tested to

unload the stress before the fracture occurred.

The mechanical properties (stress, strain, and

Young’s modulus) of the specimens were calculated

from the load and displacement via beam theory-

based calculations. According to beam theory, the

mechanical properties can be calculated using the

following equations:

r ¼ PLa

I
ð1Þ

e ¼ 3da

L2
ð2Þ

E ¼ r
e
¼ PL3

3dI
ð3Þ

where r is the bending stress, e is the strain, E is

Young’s modulus, P is the applied load, L is the load

point distance, a is the distance from the neutral

plane, I is the second moment of area calculated for a

pentagonal cross section, and d is the displacement at

the loading point.

The highest bending stress is applied at the surface

of the fixed end of the microcantilever beam speci-

men. The yield phenomenon, caused by the disloca-

tion activity, should occur near the region displaying

the highest bending stress in the microcantilever

beam specimen. Thin samples were prepared using

the FIB technique using material from the near and

far positions of the surface and from the end part of

the MEDIUM specimen after loading before fracture.

These samples were observed using a TEM (JEM-

Table 1 Size of

microcantilever beam

specimens and measured

mechanical properties of

single crystal silicon samples

Specimens Small Medium Large

Geometry

Thickness (lm) 0.5 1.5 3.6

Height (lm) 1.2 2.5 6.6

Length (lm) 4.9 15.8 22.4

Displacement to loading point (lm) 3.9 ± 0.1 10.3 ± 0.4 19.5 ± 0.2

Mechanical properties

Young’s modulus (GPa) 171 ± 31 175 ± 10 143 ± 9

Yield stress (GPa) 4.1 ± 1.0 4.0 ± 0.6 –

Peierls stress (GPa) 1.7 ± 0.4 1.6 ± 0.2 –

Bending strength (GPa) 14.2 ± 1.4 9.0 ± 1.4 4.1 ± 0.4

Crack length 2c (nm)

(Penny-shaped crack) 8.9 ± 1.9 25.3 ± 13.7 105.6 ± 19.4

(Straight through crack) 3.6 ± 0.8 10.3 ± 5.5 42.8 ± 7.9
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2100F (JEOL Co., Ltd., Tokyo, Japan)) operating at

200 kV.

The fracture origin for microcantilever beam spec-

imens was evaluated by SEM (FE-SEM, SU8010,

Hitachi High-Technologies, Tokyo, Japan) observa-

tions, while operating at 5 kV. According to linear

elastic fracture mechanics, the strength is related to

the fracture toughness and the crack geometry

through the following equation:

rf ¼
KIC

Y
ffiffiffiffiffi

pc
p ð4Þ

where rf is the bending strength, Y is a function of

crack shape, c is the crack length, and KIC is the

fracture toughness. The fracture toughness, KIC, of

the single crystal silicon used in this study was

measured using single-edge notched microcantilever

beam specimens in the same way as previous studies

[43]. To prepare the microcantilever beam specimens

used in this study, surface geometry observations

were made using a scanning probe microscope (SPM,

SPA-400, Hitachi High-Technologies, Tokyo, Japan)

of the polished surfaces. The observation was per-

formed in dynamic force mode (DFM) using a

microcantilever (SI-DF20, back AL coating, Hitachi

High-Technologies, Tokyo, Japan). The surface pro-

file of silicon substrate samples (1-lm squares) was

measured; the difference between the highest and

lowest points was calculated and treated as the

maximum height toughness.

Results and discussion

Young’s modulus for single crystal silicon
microcantilever beam specimens

The measured depths of indentations generated

during the bending test on the microcantilever beam

specimen includes both the depth of the indent itself

and the displacement of the microcantilever beam

specimen at the loading point. Therefore, displace-

ment at the loading point of a microcantilever beam

specimen was calculated by then subtracting the

indentation depth measured when the indentation

test was carried out on a flat surface of the single

crystal silicon using the cube corner-type diamond

indenter at the same load; see Fig. 2, and note that

Figure 1 Microcantilever

beam specimens prepared

using focused ion beam

technique: a side view; b front

view; and c schematic

illustration and direction of

view.
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this methodology has been adopted from a previous

study [50]. The load–displacement curves—obtained

by fracture tests conducted on microcantilever beam

specimens with different sizes—are shown in Fig. 3.

For LARGE specimens, the relationship between load

and displacement was linear, then fracture occurred.

On the other hand, the above relationship became

slightly nonlinear as the load increased for both

MEDIUM and SMALL specimens. Herein, the stress

and the strain were calculated from the load and

displacement using the aforementioned beam theory

equations; this method was selected because of the

nonlinearity before fracture and the failure displace-

ment was small.

Because the Young’s modulus is a material con-

stant, the validity of our bending test can be deter-

mined by the agreement of the measured Young’s

modulus with the theoretical value; largely, the dis-

agreement comes from an inappropriate second

moment of area, which is related to the sample

geometry. Furthermore, the cross section of the

microcantilever beam specimen was pentagonal,

therefore it is difficult to prepare specimens with

perfectly symmetrical cross section. If the cross sec-

tion is too asymmetric, an invalid Young’s modulus

will be obtained as the specimen undergoes twisting

during bending tests. The relationship between cross-

sectional asymmetry (skewness) and the Young’s

modulus is shown in Fig. S1. Figure S1 shows that the

Young’s modulus can be measured properly for

skewness values less than 0.16. Herein, samples

displaying a cross-sectional skewness smaller than

0.16 were used to estimate the mechanical properties

of single crystal silicon by beam theory.

The stress–strain curves produced using this

approach are provided in Fig. 4. The Young’s mod-

ulus—as calculated from the slope of the region the

stress and strain had a linear relationship—are listed

in Table 1. The measured Young’s moduli for

microcantilever beam specimens of various sizes

roughly agreed with the ideal value from first-prin-

ciple calculations [51]. These results confirmed that

the microcantilever method achieved approximately

valid results.

Figure 2 The corrected load–displacement curve is obtained by

subtracting the indentation depth from the raw data.

Figure 3 Load–displacement curves measured using

microcantilever beam specimens: a LARGE, b MEDIUM, and

c SMALL.

J Mater Sci (2020) 55:7359–7372 7363



Yield phenomenon for single crystal silicon

We shall now discuss results related to the stress–

strain curves shown in Fig. 4. Herein, we found that

the relationship between the stress and strain was

linear for the LARGE specimen. Additionally, brittle

fracture was observed, similar to the general case

defined for bulk single crystal silicon. On the con-

trary, the stress increased linearly with the strain in

the low-stress regime, yet became nonlinear with

increasing stress for MEDIUM and SMALL speci-

mens. To investigate the nonlinear relationship of the

stress–strain curves, an unloading test for the MED-

IUM specimen was performed before fracture, as

shown in Fig. 5. Hysteresis was observed in the

stress–strain curve during the unloading test con-

ducted on the MEDIUM specimen; this confirms that

the specimen subjected to the unloading test dis-

played permanent strain effects resulting from plastic

deformation. Therefore, the nonlinear stress–strain

relationship resulted from plastic deformations in the

MEDIUM and SMALL specimens.

TEM observations were carried out to clarify the

origin of the observed plastic deformations in the

microcantilever beam specimens after bending was

produced by the single crystal silicon. The TEM

images of the unloaded MEDIUM specimen taken

from the [110] zone axis are shown in Fig. 6. The

maximum applied tensile stress of this specimen was

7 GPa. The observed point is the upper part of the

fixed end of the beam, where the highest bending

stress was likely applied. In Fig. 6b, dislocations were

observed to be concentrated in the area where higher

bending stresses were applied. The size of this region

was approximately 200 nm. According to the TEM

images provided in Fig. 6d, e, no damage was

observed resulting from Ga ion irradiation on the

surface of the microcantilever beam specimen, indi-

cating that FIB damage has a marginal effect on

critical flaw size and bending strength. The initial

dislocation density was very low, with a value of

2.6 9 103 cm-2. Observation indicates dislocations in

the low-stress region of the microcantilever beam

specimens as shown in Fig. 6d, e, supportive of a low

dislocation density. Generally, line contrast due to

dislocation is needed to estimate the dislocation

density. As shown in Fig. 6b, c, dislocations aggre-

gated in a narrow area; observation of dislocations in

these areas require high magnification imaging by

weak beam TEM. In such a case, the imaging of dis-

location contrast under high magnification is difficult

when drifting occurs and/or the dislocation vector is

slightly different. Therefore, a quantitative analysis

regarding changes in the dislocation density was not

carried out in this study.

The results of our crystal structure analysis based

on the enlarged view of Fig. 6c are shown in Fig. 7a.

Note that not all circles within the figure are repre-

sentative of Si atoms. Dislocations were observed

along the (1 1 1) plane, which is the slip plane of the

diamond structure. The diamond structure—the

crystal structure of single crystal silicon—has a face-

Figure 4 Stress–strain curves measured using microcantilever

beam specimens with various sizes. The broken line is the Young’s

modulus calculated from first-principle calculation [51].

Figure 5 Stress–strain curve of unloading before fracture

measured using MEDIUM microcantilever beam specimen.
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centered cubic Bravais lattice, and a structure con-

sisting of three ABCABC cycles. Figure 7b–d shows

enlarged views of Fig. 7a. In Fig. 7b, d, the atoms are

regularly stacked in the ABCA form. Conversely, in

Fig. 7c, the regular stacked condition collapsed and

changed to ACBA in the middle position. Although

bright spots in lattice images do not always indicate

each atom, it was still clear that the stacking structure

was irregular in the region shown in Fig. 7c. Dis-

continuities in this periodic structure likely result

from dislocation, which is considered to have been

caused by twinning deformation and stacking faults.

The twin plane of the diamond structure was (1 1 1),

whereas the twinning deformation appears with the

A plane as the twin plane. If the region observed in

Fig. 7c was indeed a twinning deformation, it is

impossible to explain why only one layer—squeezed

in between the A planes—appeared bright.

The structure shown in Fig. 7c can also be attrib-

uted to stacking faults. When a stacking fault occurs

between A and B within an ABCA cycle, the resulting

cycles become ACAB [52]. Additionally, when a

stacking fault is inserted between C and A, it

becomes ACBC. Moreover, when a stacking fault is

inserted between B and C, it becomes ACBA. This is

consistent with the observed structure, as the contrast

of the TEM images will be clear if this stacking fault

occurs regularly in all planes. Additionally, there

Figure 6 TEM images of the

unloaded MEDIUM specimen:

a image near the fixed end of

the beam; b enlarged image of

(a); c enlarged image of (b);

d image near the tip of the

beam; e enlarged image of (d);

and f diffraction pattern.
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may exist locations wherein the contrast will be

unclear if the stacking fault does not occur regularly

in all planes. The TEM image was comprised of both

clear and unclear regions. Accordingly, these struc-

tures are attributable to stacking faults, explaining

why only the one layer squeezed in between the A

planes appeared to be bright. Because stacking faults

are caused by partial dislocations, glide set disloca-

tions are likely predominant. Indicated by previous

studies, glide set dislocations in Si have been

observed under compressive stress [21]. However,

herein, many dislocations were observed for the first

time in an extremely narrow area applying tensile

stress in the bending test. Moreover, this study con-

firms the existence of stacking faults at room tem-

perature and proposes a new mechanism for the

generation of dislocations under compressive and

bending stresses. The generation of dislocations

caused by stacking faults has been observed in the

bending of SiC nanowires with a similar crystal

structure to single crystal silicon [53]. Therefore,

similar phenomena are expected to occur for other

materials with a diamond structure when placed

under tensile stress region during a bending test.

It has been reported that single crystal silicon

undergoes plastic deformation due to the activity of

dislocations originating from compression or inden-

tation tests. The mechanism of plastic deformation

under a bending stress is also thought to originate

from dislocation activity. The crystal structure of

single crystal silicon is a diamond structure, and the

slip system which was active in this study was {1 1 1}

for the slip surface and\ 1 1ð�Þ 0[ for the slip

direction. As the load point distance of the micro-

cantilever beam specimens was sufficiently larger

than the height of the cross section, the applied shear

stress was small and that near the top surface is

regarded as pure tensile stress. At this time, the

actual stress acting on the slip system (decomposition

shear stress) can be calculated from the following

equation:

s ¼ rm ð5Þ

where s is the decomposition shear stress, r is the

tensile strength, and m is the Schmid factor (a factor

related to the slip system). Herein, tensile stress was

applied in the\ 1 1 0[direction and the Schmid

factor in the diamond structure was 1=
ffiffiffi

6
p

(ex. the slip

surface is {1 1 1}, the slip direction is\ 0 1 1ð�Þ[ ,

the action direction of the tensile stress is\ 1 1 0[).

Moreover, it is possible to obtain a sufficient stress to

cause a slip resulting from dislocation activity by

substituting the yield stress with tensile stress in

Eq. (1). The yield stress resulting in plastic deforma-

tions in both MEDIUM and SMALL specimens was

within the range 4.0-4.1 GPa, all values are listed in

Figure 7 a TEM image of the

region wherein dislocations

exist; b–d enlarged image of

particular regions within (a).
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Table 1. Previous studies have reported the plastic

deformation of single crystal Si can be obtained by

dislocation in the compressive test using micropillar

specimens at yield stress values of 3.0 ± 0.7 GPa [54].

The Peierls stress is estimated from the yield stress

and crystal orientation. As listed in Table 1, the

Peierls stress estimated from bending tests using a

microcantilever beam specimens was 1.6–1.7 GPa,

and that estimated from compression tests using

micropillars was 1.4 GPa. These results indicate that

nearly the same Peierls stresses were obtained

although the specimen size and test method were

different. This implies that single crystal silicon

plastically deforms from the dislocation activity

when under bending stress in the microscopic region

at room temperature. Conversely, LARGE specimens

fracture in a brittle manner without plastic defor-

mation as their strength is lower than the yield stress.

Observed by TEM, dislocations were unevenly

distributed within a specific range of the tensile sur-

face. To investigate the validity of the plastic defor-

mation area size, area size was compared with

calculated results derived under the assumption that

the tensile stress acts linearly through the neutral

plane to the tensile plane in the microcantilever beam

specimens. Additionally, assuming that the disloca-

tions are generated within a region where the applied

stress was equal to or larger than the yield stress, the

size of the plastic deformation area can be calculated

by:

L ¼ rmax � rsð Þa
rmax

ð6Þ

where L is the size of the region where the tensile

stress larger than the yield stress, a is the distance

from the neutral plane to the tensile plane, rmax is the

applied maximum tensile stress, and rs is the yield

stress. As the specimen observed by TEM was sam-

pled from the center of the microcantilever beam

specimen with a pentagonal cross section, the dis-

tance from the neutral plane (a) was 1.1 lm in the

MEDIUM specimen; the yield stress (rs) was 4 GPa

as listed in Table 1, and the maximum tensile stress

(ra) was 7.0 GPa. The size of the plastic deformation

region, as calculated from these values, was 475 nm

and approximately agrees with the size of the plastic

deformation region observed in the TEM image.

Based on the above considerations, it can be said that

the size of the plastic deformation region observed by

TEM is reasonable.

Size effect of strength in microscopic region
of single crystal silicon

The relationship between the bending strength of

variously sized specimens was obtained using the

microcantilever method; the volume calculated from

the cross-sectional area of the specimen and the dis-

tance from the specimen’s end to the loading point

are shown in Fig. 8. The bending strength was plot-

ted against the total volume as specimens in this

study were nearly homothetic, though the effective

volume should be used in the Weibull statistic. The

bending strengths of the microcantilever beam spec-

imens were 4.1 ± 0.4, 9.0 ± 1.4, and 14.2 ± 1.4 GPa

for the LARGE, MEDIUM, and SMALL specimens,

respectively; note that these values increased with

decreasing specimen size. A similar increase in

strength with decreasing specimen size has also been

reported for bulk brittle solids; we confirm that a

microcantilever beam specimen of several microme-

ter can exhibit size effects with regard to the bending

strength. In particular, the strength of the SMALL

specimen was 14.2 GPa, an extremely high value. As

this value is very close to the ideal strength required

for cutting bonds between the Si atoms through first-

principle calculation [55], it was confirmed that size

effects are present in the bending strength of such a

microscopic region. Generally, the size effect acting

on the bending strength likely originates from the

existence of coarse defects in the specimens; this

would result in the observed strength increase with a

decrease in the specimen size. Assuming that linear

elastic fracture mechanics apply in a microscopic
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Figure 8 Relationship between bending stress and volume for

each microcantilever beam specimen with different sizes.
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region, the crack length obtained from bending

strength measurements was calculated using the

Griffith equation and the fracture toughness, KIC. The

fracture toughness of the single crystal silicon was

1.05 MPam1/2 when measured using microcantilever

beam specimens. This value is similar to those

reported in the previous studies [29, 43, 56–61].

Herein, two types of cracks were assumed as the

shape of defects, these being a stress through crack

and a penny-shaped crack in infinite body; this sec-

ond crack type is used to estimate the size of fracture

origin because it is difficult to estimate the geometry

of the accumulation region of dislocations. The crack

lengths calculated using the shape factor Y of the

assumed crack geometry are listed in Table 1. Frac-

tography was carried out to confirm these defects.

The fracture surface of the microcantilever beam

specimens was observed via field emission SEM (FE-

SEM). As presented in Fig. 9, for the LARGE speci-

men, several hundreds of nanometers of fracture’s

origin could be confirmed. On the other hand, the

fracture origin for both the MEDIUM and SMALL

specimens could not be clearly observed.

Considering the estimated crack length, there is a

possibility that the fracture origins could not be

observed with FE-SEM as these samples were extre-

mely small, in the range of several nanometers.

As silicon has a higher yield stress than metals

such as copper, the plastic strain gradient has little

effect on the size effect [62]. However, the stress

gradient greatly affects the size effect as the micro-

cantilever method is technically a bending test. The

crack lengths present in the SMALL specimen were

smaller than those formed in the MEDIUM specimen;

this is due to the stress gradient in the specimen

during the bending test. Microcantilever beam spec-

imen undergoing the bending test displays a stress

grading of tensile stress from the neutral surface

through to the surface of the specimen. When the

same stress is applied to the specimen, the slope of

the stress gradient is large because a SMALL speci-

men has a shorter distance from the neutral surface to

the surface of the specimen. The range in which

sufficient stress to generate and accumulate the dis-

locations is narrowed, so the range in which

Figure 9 SEM images of

fracture surfaces: a LARGE,

b MEDIUM, c SMALL, and

d direction of view.
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dislocations accumulate in SMALL specimens is

smaller than that of the MEDIUM specimen.

It has been previously reported that the fracture

origin in small single crystal silicon is caused by

surface roughness of the specimen [33]. Figure 10

shows the SPM image of a single crystal silicon sur-

face onto which microcantilever beam specimens

were prepared. The surface of the chemically

mechanically polished silicon substrate was very flat,

displaying a maximum height roughness of 0.33 nm;

the maximum high roughness is defined as the dif-

ference between the peak and the valley in 1 lm

square surface profile. In this previous study, it was

reported that the roughness of the chemically

mechanically polished surface of single crystal silicon

was 0.135 nm [63], similar to yet smaller than that

measured in this study. This is suggestive that both

the MEDIUM and SMALL specimens did not fracture

from the fracture origin, owing to the surface

roughness of the substrate. According to fracture

mechanics theory, the stress concentrates in the

region wherein dislocations aggregate like cracks

[64]; this region of accumulated dislocations may be

the fracture origin for brittle solids. As shown in

Fig. 6c, there exists an origin where the dislocations

accumulated with high density in the vicinity of the

fixed end of the beam, where a large tensile stress

acted; the size was approximately 15 nm. This value

is within the range of 10.3-25.3 nm; this being the

estimated range for crack lengths for the MEDIUM

specimen under the assumption that all crack

geometries conform to strait through crack and

penny-shaped crack models, respectively, results

presented in Table 1. As the specimen observed by

TEM did not undergo stress until fracturing, the size

of the dislocation accumulation area observed by

TEM and the crack length calculated using the Grif-

fith equation are in good agreement. Thus, the frac-

ture origin for a microcantilever beam specimen

should be the region of concentrated stress caused by

the accumulation of dislocations. Stated otherwise,

we have shown that the bending strength of the

microscopic region within a micrometer-scale single

crystal silicon exhibits a size effect controlled pri-

marily by the accumulation of dislocations, unlike the

case of a bulk solid. Although the region of accu-

mulated dislocations was not observed in the SMALL

specimen, it should be smaller than that within the

MEDIUM specimen; this size difference is due to the

steeper stress distribution in the bending test of the

microcantilever beam specimen. As a result, it seems

that the strength of the SMALL specimen was higher

than that of the MEDIUM specimen because the

dense dislocation region is smaller in the smaller size

specimen.

As described above, the single crystal silicon in a

microscopic region of several lm fractured by a

defect resulting from the accumulation of disloca-

tions. Generally, the strength of brittle solids is typi-

cally discussed in terms of an existing defect within

the material. However, the observations reported

herein indicate that it is also necessary to consider the

generation of defects in materials with a microstruc-

ture. This new consideration—regarding dislocation-

controlled microscopic mechanical phenomena under

bending stress at room temperature—provides an

understanding of the mechanism of the mechanism

by which defects are generated and cracks propagate

resulting in fatigue or wear of, not only microelec-

tromechanical systems devices and silicon nano-

wires, but also all materials.

Conclusion

Herein, the mechanical properties of single crystal

silicon were evaluated using microcantilever beam

specimens of various sizes. We found novel
Figure 10 SPM surface image of a single crystal silicon onto

which microcantilever beam specimens were prepared.
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microscopic mechanical phenomena which are con-

trolled by dislocations in single crystal silicon when

undergoing bending stress at room temperature.

Young’s modulus estimated from the initial stage of

the stress–strain curve of the microcantilever beam

specimens showed a similar value to that resulting

from the first-principle calculation. Smaller speci-

mens displayed nonlinear deformation under high

bending stress. TEM observations clearly indicate

that the deformation resulted from the formation and

movement of dislocations. The bending strength

increased as the volume of the specimen decreased,

while the smallest specimens displayed nearly ideal

strength. The accumulation of dislocations in smaller

specimens was found to be nanoscale in size,

observed by TEM observation. Furthermore, it was

shown that the extent of regional localization of

where dislocations accumulated dominated the

bending strength of the single crystal silicon micro-

cantilever beam specimens as a newly generated

defect. Consequently, bending tests using microcan-

tilever beam specimens and their TEM observation

revealed novel dislocation-controlled microscopic

mechanical phenomena in single crystal silicon under

bending stress at room temperature.
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