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In Situ Study of Size and Temperature Dependent Brittle-to-
Ductile Transition in Single Crystal Silicon
 Silicon based micro- and nanometer scale devices operating at various 
temperatures are ubiquitous today. However, thermo-mechanical proper-
ties of silicon at the small scale and their underlying mechanisms remain 
elusive. The brittle-to-ductile transition (BDT) is one such property relevant 
to these devises. Materials can be brittle or ductile depending on tempera-
ture. The BDT occurs over a small temperature range. For bulk silicon, the 
BDT is about 545  ° C. It is speculated that the BDT temperature of silicon 
may decrease with size at the nanoscale. However, recent experimental and 
computational studies have provided inconclusive evidence, and are often 
contradictory. Potential reasons for the controversy might originate from the 
lack of an in situ methodology that allows variation of both temperature and 
sample size. This controversy is resolved in the present study by carrying out 
in situ thermo-mechanical bending tests on single crystal silicon samples 
with concurrent control of these two key parameters. It is unambiguously 
shown that the BDT temperature reduces with sample size. For example, the 
BDT temperature decreases to 293  ° C for a sample size 720 nm. A mecha-
nism-based model is proposed to interpret the experimental observations. 
  1. Introduction 

 Micro/nanomaterials exhibit signifi cantly different mechanical 
behavior from their bulk counterparts. [  1–8  ]  Several fundamental 
mechanisms for the size dependent material behavior have been 
reported in the literature including dislocation pile-up (Hall–
Petch behavior, [  3  ,  4  ]  dislocation starvation, [  7  ]  and microstruc-
tural heterogeneity. [  6  ]  In addition, strain-gradient-dependent 
strengthening was observed among small scale metal samples 
during nanoindentation, [  5  ]  bending, [  9  ]  and torsion [  10  ]  tests. 

 Size dependent material properties of brittle semiconductive 
materials such as Si and SiC have received attention due to their 
extensive use in micro-/nanometer scale devices. In many cases, 
the small scale systems are required to operate at high tem-
peratures, e.g., in microturbines, [  11  ]  micropower generators [  12  ]  
and sensors/actuators [  13  ]  in automobile and aerospace applica-
tions. Hence, accurate characterization of thermo-mechanical 
properties and understanding of fundamental mechanism in 
materials deformation are essential as plastic deformation can 
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lead to substantial change in electrical and 
mechanical responses of materials. 

 One thermo-mechanical property of 
materials, with the exception of FCC 
metals, is that they are brittle at low tem-
perature, but become ductile at higher 
temperature. This brittle to ductile tran-
sition (BDT) occurs over a narrow range 
of temperature, referred to as the BDT 
temperature. The BDT temperature is 
determined through fracture experiments. 
Fracture toughness, which offers an indi-
rect measure of the degree of plasticity 
ahead of a crack tip, increases rapidly at 
the BDT. For single crystal silicon (SCS), 
the sudden increase in fracture toughness 
occurs in the range 541–545  ° C. [  14  ]  The 
underlying micromechanism for BDT is 
a large increase in dislocation density and 
their increased mobility with tempera-
ture, [  15  ]  which facilitates plastic deforma-
tion under stress. The temperature range 
over which this transition occurs depends 
on the initial defect density. For example, steel with high bulk 
defect density shows gradual transition over tens of degrees 
below room temperature [  16  ]  while transition occurs within a few 
degrees for SCS at 545  ° C. [  14  ]  

 Is BDT temperature size dependent? There are limited but 
confl icting reports in the literature on the BDT temperature of 
SCS. Nakao et al. [  17  ]  carried out three point bending tests directly 
on a hot plate by using micrometer scale SCS samples (4  μ m in 
thickness) with a notch and observed signifi cant reduction in 
the BDT temperature. The fracture toughness increased rapidly 
as the temperature approached 70  ° C. Their postmortem obser-
vation of the fractured surface in SEM revealed that the BDT is 
triggered by a rapid increase in dislocation density. 

 Han et al. [  18  ]  reported ductile deformation in SCS nanowires 
with diameter less than 60 nm at room temperature, tested in 
situ in TEM. Östlund et al [  19  ]  carried out micropillar compres-
sion tests with a variation in sample diameter and observed 
ductility in samples with size less than  ≈ 300–400 nm at room 
temperature. These experiments imply that submicrometer-
sized SCS undergoes BDT below room temperature. How-
ever, Zhu et al. [  20  ]  tested SCS nanowires by uniaxial tension at 
room temperature where no ductility was observed even for 
nanowires 16 nm in diameter. The authors argued that the 
large plastic deformation reported in the work of Han et al. [  18  ]  
might be due to strong electron beam irradiation during TEM 
observation. Bending tests of 255-nm-thick silicon beams, [  21  ]  
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and silicon nanowires with diameters between 200–300 nm [  22  ]  
did not show any plastic deformation at room temperature. 
These experiments imply that submicrometer-sized SCS sam-
ples have a BDT above room temperature. Note that the meas-
ured bending strengths were 17.53 GPa (200 nm in width) in 
Ref. [  21  ]  and 18.3 GPa (120 nm in diameter) in Ref. [  22  ]  while the 
yield stress for 250 nm SCS micropillars under compression in 
Ref. [  19  ]  was  ≈ 2.5–4 GPa at room temperature. With the excep-
tion of fracture tests, all of the above studies were carried out at 
room temperature. The sample size was changed in search of a 
small enough size that will undergo BDT at room temperature. 

 In this paper, we vary both the temperature and the sample 
size using a novel method developed by Kang and Saif. [  23  ,  24  ]  We 
hypothesize that the BDT temperature decreases with sample 
size due to increased surface to volume ratio. In order to test our 
hypothesis, we carry out in situ bending test on SCS beams with 
widths of 720 nm to 8.7  μ m from room temperature to 375  ° C. We 
fi nd a signifi cant reduction in the BDT temperature with a reduc-
tion in sample size. In the following section, we briefl y introduce 
the novel, in situ thermo-mechanical testing method. We then 
present the load-deformation relationships of the SCS bending 
samples with increasing in temperature. The results show a reduc-
tion in the BDT temperature up to 31.2% with respect to the bulk 
BDT temperature. We propose a model to explain the relationship 
between the sample size and the reduced BDT temperature.   

 2. Experimental Section  

 2.1. Challenges for In Situ Material Testing 

 Ultrahigh resolution electron microscopy observation allows 
quantitative, in situ testing of micro/nanomaterials by pro-
viding a direct structure-property relationship. [  25–28  ]  However, 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag Gm

     Figure  1 .     Experimental method for in situ thermo-mechanical test. a) SEM i
Copyright 2011, Institute of Physics Publishing. b) Zoom-in view (Area C) 
bending sample. d) Force-displacement relationship, and (f1)-(f2) zoom-in v
and applied force ( f ) are measured by analyzing high resolution SEM image
exposing the bending arms to the electron beam during in situ testing by m
in situ thermo-mechanical characterization of micro/nanoscale 
samples involves several challenges including (i) fabrication, 
handling, and gripping of the small samples, (ii) limited avail-
able space in analytical chambers, and (iii) in situ heating of 
a sample with quantitative temperature measurement. In addi-
tion, large variations in temperature impose unavoidable chal-
lenges in loading the sample. For example, a stage and sample 
can have different thermal expansion coeffi cients, which may 
cause undesired loading/unloading of a sample with variation 
of temperature. In order to overcome these challenges and to 
carry out in situ thermo-mechanical testing of SCS at microm-
eter and nanometer scale, we use a novel SiC based MEMS 
apparatus which allows independently testing of the fabricated 
micro/nanoscale samples with concurrent control of sample 
size and temperature. [  23  ,  24  ]    

 2.2. A Microdevice for Thermo-Mechanical Measurement 

 A novel SiC MEMS stage for in situ thermo-mechanical testing 
is shown in  Figure    1  a. The overall size of the stage is small 
enough to perform in situ SEM and TEM material tests. As 
described elsewhere, [  29  ,  30  ]  the stage has two grooves at Area C 
in Figure  1 a which serve as grips for a bending sample and 
hence the stage can be used to test independently fabricated 
samples without limitation on sample dimensions and mate-
rials. Figure  1 b,c show a SCS bending sample after assembly 
of the stage by a micromanipulator. The sample is loaded by 
deforming the stage using a piezoelectric actuator as described 
elsewhere. [  29  ,  30  ]  Beams at A-A and B-B in Figure  1 a serve as a 
support and a force sensor for the sample, respectively. Upon 
mechanical loading, the support springs, A-A, transfer the 
deformation to the sample. SEM images are taken to measure 
deformation of the sample and the force sensing beams with 
precalibrated known stiffness. The SEM images are analyzed 
bH & Co. KGaA, Weinheim

mage of the MEMS stage for in situ test. Reproduced with permission. [  24  ]  
of the silicon bending sample on the MEMS stage. c) Schematic of the 
iew of Area A in (b). During in situ testing, the sample displacement (  δ  ) 
s, as shown in (d). Displacement measurements are conducted without 

easuring at a position away from the bending arms (Area A in (b)).  
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with a correlation algorithm (Matlab) for automated image 
tracking with enhanced tracking resolution. As mentioned 
earlier, the effect of electron beam irradiation on the size 
dependent BDT in SCS is still not conclusive. [  18  ,  20  ]  Hence, we 
did not expose the bending arms to the electron beam during in 
situ experiments to avoid possible effects of electron beam irra-
diation. [  41  ]  The deformation of the beam was obtained by meas-
uring the change of the gap,   δ  , between the two gauges at A 
(see Figure  1 b,c, (f1) and (f2)). For in situ heating of the sample 
during mechanical testing, the stage is resistively heated while 
the temperature is measured by a cofabricated bimetal type tem-
perature sensor with a temperature measurement resolution 
of  ± 2  ° C. [  23  ,  24  ]  In our previous papers, [  23  ,  24  ]  we experimentally 
calibrated the temperature difference between the stage and 
sample during Joule heating of the stage. Also, we showed that 
the SiC stage uniformly increases sample temperature. In the 
present manuscript, we used the same precalibrated SiC stage 
with known relationship between the sample temperature and 
applied voltage for accurate temperature measurement of the 
sample. Further details on the mechanical and thermal meas-
urement of the MEMS stage can be found elsewhere. [  23  ,  24  ,  29  ,  30  ]   

 Although the stage offers a uniaxial testing mode, [  23  ,  24  ]  we uti-
lize the bending test to study size and temperature dependent 
plasticity in the SCS samples. Bending limits the high stress 
region to a small volume, and thus minimizes the likelihood 
of fracture due to fl aws. Bending also increases the sample 
stress so that one can explore the possible onset of plasticity. 
For example, consider a simple cantilever beam loaded by a 
force,  F , as shown in Figure  1 e. For simplicity, we assume the 
cantilever beam is linear elastic, isotropic, and homogeneous, 
and the material deformation is small. It is easy to show that 
the stress state due to  F  is   σ  ( x ,  y )  =   F ( L  −  x ) y / I  in the cantilever 
beam [  31  ]  where  x  and  y  are coordinates of the beam in the lon-
gitudinal and transverse directions,  L  and  H  are length and 
height of the beam, respectively, and  I  is a moment of inertia 
of the given cross section (see Figure  1 e). In order to study the 
onset of plasticity at   σ   yield , we may apply  F  during bending test 
such that material yields in a small volume in the vicinity of  x  
 =  0 and  y   =   ±  H /2, while bending stress elsewhere is smaller 
than   σ   yield . On the other hand, with uniaxial loading, the entire 
gauge length of the sample is subjected to   σ   yield  to induce mate-
rial yield. Any fl aw within the entire volume of the sample may 
cause fracture before the high   σ   yield  can be reached, giving the 
false impression that the material is brittle.   

 2.3. SCS Bending Samples 

 The SCS bending sample shown in Figure  1 b is fabricated by 
lithography based microfabrication technology, and focused 
ion beam (FIB) milling followed by Freon (CF4) reactive ion 
etching (RIE) with an etching depth  > 100 nm. This additional 
RIE etching is to eliminate the effect of gallium ion bombard-
ment on the mechanical properties of SCS. For example, it is 
well known that for silicon, the thickness of damaged layers due 
to gallium ion bombardment (i.e., formation of an amorphous 
layer at the surface) is around 20–30 nm, while the implanta-
tion depth of gallium ions is 40–56 nm at a beam energy of 
30 keV. [  32  ]  In addition, we annealed the sample at  > 250  ° C for 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 713–719
2 h to remove FIB induced point defects and defect clusters at 
the surface. [  33  ,  34  ]  High precision milling by FIB also ensures the 
identical dimension of the eight bending arms for symmetric 
bending deformation of the sample. The crystal orientation of 
all bending arms along the longitudinal direction is  < 110 >  (see 
Figure  1 c) with an elastic modulus of 169 GPa. [  30  ]  

 It is worth noting that although the AFM based bending test 
is frequently used to characterize small scale materials due to 
its simplicity, [  22  ,  21  ]  there may be stick-slip between an AFM tip 
and the bending arm during loading of a sample which makes 
data interpretation diffi cult. On the other hand, all bending 
arms in Figure  1 c have well defi ned boundary conditions. 
Hence, the stress state of the bending sample can be evaluated 
from a force-displacement relationship. For example, we fi nd 
a good agreement between experimental and predicted force-
displacement relationship at room temperature. The difference 
in the slope of the  f   −   δ   in Figure  1 d is within 1% for  h   =  1.5  μ m. 
Further details on the analytical  f   −   δ   relationship can be found 
in the Supporting Information.    

 3. Results and Discussion 

 Here, we experimentally explore the size and temperature 
dependent BDT behavior by testing the SCS bending sam-
ples with widths varying from 720 nm to 8.7  μ m. The depth 
of beams is between 6.5 and 8.7  μ m. For each temperature, 
we heated the SiC stage by Joule heating and maintained the 
temperature for 20 min before any mechanical loading of the 
sample was applied. All experiments were carried out in a 
vacuum environment ( < 10  − 6  torr) to eliminate the effect of oxi-
dation on the plastic deformation of SCS at high temperature.  

 3.1. Thermomechanical Response of SCS Bending Samples 

 The experimental  f –  δ   relationship for  h   =  720 nm, 1.5  μ m, and 
8.7  μ m are shown in  Figure    2  . In order to evaluate the stress 
state of the sample during the in situ experiment, we obtained 
the theoretical  f –  δ   relationship (the dotted lines) and the corre-
sponding maximum bending stress (  σ   max ) in the sample using 
linear elastic fi nite element analysis. We will discuss the   σ   max  −  f  
relationship in further detail later. Note that the slope of the  f –  δ   
decreases with temperature due to reduction of the elastic mod-
ulus of SCS. [  21  ,  23  ,  24  ,  35  ,  36  ]   

 The experimental  f –  δ   response for  h   =  1.5  μ m (Figure  2 a) 
shows linear elastic behavior at 25, 184, and 293  ° C. For each 
temperature, the sample was loaded and unloaded to check 
the reversibility and any permanent deformation. In all the 
three cases, we found a linear and reversible  f –  δ   response for 
the strains applied. As temperature was increased to 340  ° C, 
we observed yielding with 3.1  μ m plastic displacement after 
removal of the mechanical load from the sample. In order to 
experimentally confi rm the BDT behavior, we tested another 
sample with  h   =  1.5  μ m again at 293  ° C, and the sample failed 
(fractured) without any plastic deformation (see Figure  2 a). The 
load-deformation relationship of the latter sample coincides 
with that of the former tested at 293  ° C. Thus, for  h   =  1.5  μ m, 
BDT occurs at a temperature between 293 and 340  ° C. 
715wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  2 .     Force-displacement responses of single crystal silicon samples with variation of sample size and temperature: a)  h   =  1.5  μ m; b)  h   =  720 nm; 
c)  h   =  8.7  μ m. Note that the plasticity is observed at lower temperature with reduction of sample size, as summarized in (d). The   σ   y  is the maximum 
bending stress in the sample obtained by FEM analysis of the linear elastic deformation of the sample at  f  yield  when  df / d δ    =  0.8 df/d δ   as  f  approaches zero.  
 To study the role of sample size on BDT, we used a smaller 
sample with  h   =  720 nm. From the  f –  δ   response in Figure  2 b, 
we observed linear elastic behavior at 25 and 184  ° C. At 293  ° C 
the sample deformed plastically with a 1.8  μ m permanent defor-
mation after unloading. Thus, the BDT temperature decreased 
with sample size. At higher temperature (340  ° C), the 720 nm 
sample showed plastic deformation as expected (2.4  μ m per-
manent deformation after the loading/unloading cycle). When 
sample size is larger (h  =  8.7  μ m; see Figure  2 c), the  f –  δ   response 
shows linear elastic behavior at 184, 293, and 340  ° C during 
loading and unloading of the bending sample. At 375  ° C, we 
measured 250 nm and 1.7  μ m permanent deformations after 
the fi rst and second loading/unloading cycles, respectively, i.e., 
the BDT temperature is between 340 and 375  ° C. Note that the 
magnitude of plastic deformation depends on the applied strain 
during loading. Thus, the BDT temperature increases with 
sample size. The BDT temperature reduced by 21, 25, and 31% 
of the bulk BDT temperature [  14  ]  for samples with  h   =  8.7  μ m, 
1.5  μ m, and 720 nm, respectively (see Figure  2 d).   

 Figure 3   shows the SEM images of plastic deformation in the 
SCS bending samples. In Figure  3 a, the initial confi guration of 
the bending sample before any mechanical loading is shown (the 
zoom-in view of Area A is shown in Figure  3 b). Figure  3 c shows 
signifi cant change in the sample confi guration due to plastic 
deformation after complete removal of any mechanical loading. 
Figure  3 d shows the zoom-in view of Area E in Figure  3 e after 
ductile fracture of the SCS sample. Note that the permanent cur-
vature with respect to the reference lines in Figure  3 b,d clearly 
indicates substantial plastic deformation of the bending arms.  

 In order to compare the three experiments, we need to esti-
mate the yield stress of the samples near the BDT. To do so, we 
6 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag Gm

     Figure  3 .     The SEM images of the SCS bending sample: a) initial confi gurat
c) plastic deformation of the bending arm after complete unloading of the sa
see E in (e)). Note that permanent curvature after failure in (d) indicates con
used the experimental  f –  δ   data; however, it is diffi cult to iden-
tify precisely the point on the  f –  δ   curve when it deviates from 
linearity. In macroscopic uniaxial tests giving stress-strain data, 
often a criterion is used to determine yield stress, such as the 
stress at 0.2% offset strain. Here, we apply the criterion that the 
sample yields when the slope of the  f –  δ   curve decreases to 80% 
of the initial value. We assume that silicon behaves as a linear 
elastic material up to this point, i.e., the most stressed point of 
the sample yields at the corresponding load. We fi t the data to 
 f   =   a δ    +   b δ   3  where  a  and  b  are fi tting parameters. The fi t model 
captures the experimental  f –  δ   relationship well as the  R  2  values 
(the coeffi cient of determination) for the least squares fi tting 
curves in Figure  2 a–c are 98.75, 99.28, and 99.84%, respectively. 
We fi nd the yielding load,  f  yield , at 0.1019, 0.2003, and 1.6769 mN 
for  h   =  720 nm, 1.5  μ m, and 8.7  μ m. The maximum stress in 
the sample at  f  yield  is obtained from a linear elastic fi nite ele-
ment simulation using known elastic properties (Poissons 
ratio 0.28 and elastic modulus 169 GPa) of silicon. The analysis 
involves one-to-one scale solid model for the sample where 
sample dimensions are measured from the high resolution 
SEM images. The analysis gives   σ  y    =  1082, 720, and 484 MPa 
for  h   =  720 nm, 1.5  μ m, and 8.7  μ m, respectively, as shown 
in Figure  2 . This result seems to suggest that yield strength of 
SCS samples under bending stress is size dependent although 
this issue is beyond the scope of the present paper.   

 3.2. Mechanism for Size and Temperature Dependent BDT 

 Our in situ experimental study indicates that BDT in SCS 
depends on sample size and temperature, as the BDT 
bH & Co. KGaA, Weinheim

ion without any mechanical loading; b) zoom-in view of Area A in (a); 
mple; d) zoom-in view of Area B after material failure of the sample (also 
siderable plastic deformation (see the reference lines in (b) and (d)).  
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temperature decreases with sample size. Here, we propose a 
mechanism for the observed size and temperature dependent 
BDT in SCS. Small samples have low bulk dislocation densi-
ties, and rely on nucleation for plasticity. However, they have 
the virtue of having large surface to volume ratios. Surface dis-
locations require less energy to nucleate compared to that of 
the bulk, i.e., they can be nucleated at lower temperatures com-
pared with bulk nucleation. Smaller samples can thus lower 
their BDT temperature by nucleating large proportion of dislo-
cations from free surfaces. As the size increases, the surface to 
volume ratio decreases, and the reliance on surface dislocation 
for plasticity decreases. Consequently, the BDT temperature 
increases, reaching a steady value. 

 With a reduction of sample size, surface effects become 
increasingly important as the surface-to-volume ratio is 
inversely proportional to the characteristic length scale of 
the sample size. Hence for small samples, dislocations are 
strongly infl uenced by nearby surfaces and interfaces. Disloca-
tions move towards free surfaces and escape to minimize the 
stress and strain energy of the crystal, i.e., they are subjected 
to attractive image forces from the surface. The image force is 
inversely proportional to the distance from the free surface. [  37  ]  
Hence, self-energy or the strain energy of the crystal induced 
by a single dislocation near free surfaces can be substantially 
lower than the energy due to a dislocation in the bulk. [  38  ]  Thus, 
introduction of a dislocation near the free surface is likely to 
be energetically less expensive than that in a large crystal. For 
example, Shuch et al. experimentally found, using nanoinden-
tation, that the energy to nucleate a surface dislocation in single 
crystal platinum is 0.28 eV, whereas the corresponding bulk 
value is 1.3 eV. [  39  ]  Several MD simulation results of small scale 
SCS samples show that the surface serves as a source of dis-
locations in small samples. [  40  ,  42  ,  43  ]  Kang and Cai predicted that 
SCS can plastically deform at room temperature by dislocation 
initiated from surface when sample size is less than 4 nm. [  40  ]  In 
addition, the number of preexisting defects including disloca-
tions in a sample is proportional to the volume of the sample, 
and thus rapidly reduces with sample size. For semiconductive 
materials like SCS with extremely low defect densities, nanom-
eter or even micrometer-sized samples can have only a few or 
no preexisting dislocations. [  37  ]  Hence, the onset of plasticity is 
likely controlled by surface dislocation nucleation rather than 
dislocation multiplication from preexisting dislocations. 

 Consider a material sample with perfect crystal structure. The 
sample is in thermodynamic equilibrium and the probability 
density of an atom at a specifi c position in the crystal structure 
is given by Boltzmann distribution at temperature,  T . [  44  ]  With 
an increase in thermal energy in the crystal, thermal vibration 
of the atom becomes larger and hence the probability of having 
an atom with higher energy state increases in the system. When 
the thermal energy is suffi ciently large, there is the possibility 
of having an atom jump out of the lattice and nucleate a dislo-
cation. Let the activation energy of dislocation nucleation be  U . 
Then, the rate at which dislocation nucleates per unit volume 
at absolute temperature,  T , is given by  n

.
    =   f  exp( −  U/kT ), where 

 k  is the Boltzmann constant and  f  is a constant. [  44  ]  Thus, for 
SCS, one expects that as the temperature approaches a critical 
temperature, there will be an abundance of dislocations which 
will facilitate plasticity. Below this temperature, not only is the 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 713–719
dislocation nucleation rate low, but also the dislocation glide of 
existing dislocations is limited due to high Peierls stress. [  14  ]  An 
external stress on the sample facilitates the nucleation of dislo-
cation, i.e., reduces the energy barrier for nucleation. Let  U–F   ∗   
be the remaining barrier due to a given applied stress on the 
sample. Then, the nucleation rate per volume changes to  n

.
    =  

 f  exp( − ( U – F   ∗  )/ kT ). 
 The dislocation nucleation rate equation indicates that the 

BDT temperature reduction, i.e., suffi ciently large  n
.

   at lower 
temperature  T   <   T BDT   ( T BDT   is bulk BDT temperature), can be 
achieved by either a decrease in the remaining barrier ( U–F   ∗  ) 
with larger  F   ∗   or a decrease in  U . For bulk SCS, fracture occurs 
before silicon yields unless the BDT temperature is reached. As 
the size decreases, a decrease in the BDT temperature implies 
one or both of the following possibilities: (1)  U  decreases with 
size, and/or (2)  U  remains the same but  F   ∗   can be increased, 
i.e., stress can be increased without fracture. The latter implies 
that brittle fracture strength increases with decreasing sample 
size. We observed experimentally that at a given temperature 
lower than the bulk BDT temperature, smaller silicon samples 
yield but larger samples fractures in a brittle manner (at 293  ° C, 
a 1.5  μ m sample fractures at 2 GPa (Figure  2 a), but a 720 nm 
sample yields at 1.082 GPa (Figure  2 b). This observation is only 
possible if  U  decreases with sample size. The characteristics of 
atoms at the surface and in the bulk may be substantially dif-
ferent due to surface effects. With decreasing sample size, the 
effect of the surface becomes more important as the surface-to-
volume ratio increases and thus  U  may decrease although the 
phonon and atom vibrations in bulk Si may not change. Thus, 
we will consider a mechanism for size dependent BDT tem-
perature that involves a decrease in  U  due to stronger surface 
effects. 

 Consider surface and volume dislocation nucleation in a 
cylindrical SCS sample shown in  Figure    4  a at a given tem-
perature,  T . The length and diameter of the sample are  l  and 
 d ( =  2 R ), respectively, and  r  is a radial coordinate of the sample 
at its cross section. Suppose the surface effects become fully 
dominant within a small interval,  R   >   r   >   R  −   α a,  where  a  is 
the length of the crystalline unit cell and   α   is a constant rep-
resenting a number of unit cells. Since dislocation nucleation 
from the surface requires less energy as discussed earlier, we 
introduce the dislocation nucleation rate from the surface with 
activation energy,  U S  . Hence, the dislocation nucleation rate 
in the bulk volume ( nV

.   ) and at surface ( nS
.

  ) can be written as 
follows

 

{
nV = fV exp(−UV

kT )
[
s −1m−3

]
, R − αa > r > 0

nS = fSexp(−US
kT )

[
s −1m−3

]
, R > r > R − αa

}.
.

  
(1)

     

 where  f  V  and  f  S  are constants, and  U  V   >   U  S  are activation ener-
gies from bulk volume (V) and surface (S), respectively. The 
total dislocation nucleation rate in a given volume  V  T   =   π  R  2  l  
becomes  NT OT = VV nV + VSnS

. . .    where  V  V   =  ( R   −   α a ) 2  π  l  and  V  S   =  
 V  T – V  V  (see Figure  4 a). The corresponding dislocation nuclea-
tion rate per volume  (= NT OT /VT )

.
   is

 
nT OT =

(
1 − αa

R

)2
nV +

(
2
αa

R
−

(αa

R

)2
)

nS
. . .

  
(2)   
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     Figure  4 .     Mechanism for size and temperature dependent brittle-to-
ductile transition (BDT) in silicon: a) the schematic of the dislocation 
nucleation from the sources in the bulk volume and at the surface and 
b) theoretical predictions of the size dependent BDT temperature.  
 For bulk materials ( R  >>   α a ),  Equation 2  gives  nT OT → nV
. .    

due to weak surface effects while  nT OT
.

   converges to  nS
.

   with  R  
 →    α a  as the surface effects become dominant. 

 For qualitative prediction of BDT temperature reduction with 
sample size, let  nBDT

.
   be the nucleation rate at BDT in bulk SCS 

at  T  BDT . If  nBDT
.

   is a necessary and suffi cient condition for the 
BDT at all size scales, then one expects that the BDT temper-
ature would decrease with size. The qualitative nature of this 
decrease can be revealed by equating  nT OT

.
   at  T  in  Equation 2  

to  nBDT
.    for bulk, i.e., equating  f  V  exp( −  U  V / kT  BDT ) with the right 

side of  Equation 2 . This gives

 

1

exp (−β)

(
(1 − a∗) exp

(−β

T ∗

)
+ (2 − a∗) a∗ f ∗ exp

(−U∗β
T ∗

))
= 1

 
 (3)   

where  a   ∗    =    α a / R ,  f   ∗    =   f  S / f  V , U   ∗    =   U  S / U  V ,  T   ∗    =   T / T  BDT,  and   β    =  
 U  V / kT  BDT.  Equation 3  predicts an upper and a lower bound of 
BDT temperatures as a function of size. For large sizes ( a   ∗   →  0), 
 T   →   T  BDT  (bulk). For small sizes ( a   ∗    →  1),  T/T  BDT   →   U   ∗    β  /(  β    −  
exp(1/ f  ∗   )) which becomes a function of the material’s proper-
ties. Using Equation 3 and a well known value for the BDT in 
bulk SCS (  β    =  23.71), [  14  ]  the BDT temperature trend is shown 
in Figure  4 b as a function of sample size where values of  f   ∗   and 
 U   ∗   are chosen such that the model prediction closely matches 
with experimental observations. As experimentally observed 
in Figure  2 d, the BDT temperature gradually decreases with 
18 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
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