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Abstract: This study investigates the anisotropic fracture behavior of boron-doped p-type
single-crystal silicon on the (001) plane, under varying temperatures and crystallographic
orientations, utilizing Vickers’ indentation experiments. Measurements performed at 25 °C,
50 °C, and 90 °C, reveal a strong dependence of mechanical properties—such as hardness,
fracture toughness (Kj.), and fracture energy—on both temperature and crystallographic
orientation. At room temperature, the fracture energy peaks at 7.52 J/m? along the [100]
direction, with a minimum of 4.42 J/m? along the [110] direction. As the temperature rises to
90 °C, the fracture energy decreases across all orientations, where values drop to 5.13 J/ m?
and 3.65 J/m? for the [100] and [110] directions, respectively. In contrast to pure, undoped
silicon, the unexpected reduction in fracture energy with increasing temperature is likely
due to dislocations pinned by the substitutional boron dopant at elevated temperatures, as
well as the weakening of atomic bonds from thermal expansion. This valuable insight is
critical for designing silicon-based devices, where understanding the fracture properties at
elevated operating temperatures is important for ensuring reliability and performance.
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1. Introduction

Silicon is widely used in various applications, including MEMS (Micro-Electro-
Mechanical Systems) and solar cells, due to its electronic proprieties, along with its cost-
effectiveness [1]. In brittle materials like silicon, failure typically occurs through the initia-
tion and propagation of cracks. This type of fracture can lead to sudden and catastrophic
failure in high-performance devices. This makes fracture toughness and energy, or the
resistance to crack propagation, a critical factor in understanding fracture mechanics in
these brittle materials [2].

Temperature is a critical factor impacting the mechanical performance of silicon. Ther-
mal effects can generate internal stresses and modify fracture toughness [3,4]. This is
particularly relevant since silicon-based semiconductor devices typically operate at around
70 °C for commercial applications and up to 90 °C for industrial use. Unfortunately, the
mechanical properties and fracture behavior of Si are poorly understood at the elevated
temperatures at which these devices typically operate. Since dislocation activation in-
fluences fracture toughness, some researchers have concentrated on investigating it at
elevated temperatures [5-7]. Studies have shown that the brittle-to-ductile transition occurs
at approximately 600 °C and is significantly affected by factors such as the material’s
mechanical properties, crystal structure, and orientation [8,9]. In their on-chip tensile
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experiments, Nakao et al. [8] tested notched silicon films with a (100) surface orientation,
where the tensile axis was aligned with the (100) direction. The fracture toughness was
stable at 1.28 MPa+/m up to 60 °C, but after 70 °C, it increased considerably. Jaya et al. [7]
performed a series of experiments on cantilevers of Si (100) micromachined by a focused
ion beam (FIB). They observed a gradual increase in fracture toughness with temperature,
showing a 23% increase at 150 °C compared with room temperature. In contrast, Lauener
et al. [10] reported stable fracture toughness values from room temperature up to 150 °C
using the pillar indentation splitting test. The discrepancies in these results can largely be
attributed to the lack of a standardized method for determining fracture toughness. As
Norton et al. [11] pointed out, the FIB-induced notch introduces residual stresses at the tip
and can lead to an overestimation of toughness values.

Doping silicon with elements like boron to create p-type semiconductors is a common
method for modulating its electrical properties [12]. However, studies have shown that
doping can also alter the mechanical properties of silicon [13-15]. Despite this, few studies
have specifically investigated the influence of doping on fracture behavior, limiting our
understanding of fracture mechanisms in doped silicon under real-world conditions. Liu
et al. [12]. demonstrated that boron doping enhances lattice trapping in the (111) [110]
direction, thereby inhibiting crack propagation, while promoting fracture in the (110) [001]
direction due to the weakening of Si-B bonds at the crack front.

Research on silicon fractures under real operating conditions is surprisingly limited,
particularly regarding how doping, operation temperatures, and crystallographic orienta-
tion collectively influence failure mechanisms.

Vickers” indentation (VI) remains one of the simplest and fastest methods for character-
izing fracture energy [16]. This method is particularly useful for brittle materials with low
fracture toughness [17]. The use of indentation crack size for toughness measurements was
first introduced by Palmqvist [18]. Since then, various researchers have expanded on his
approach, proposing alternative analytical solutions [19,20]. Among them are the Niihara
and Anstis equations [17,21], which have become some of the most widely used, even for
silicon [22-24]. However, the Niihara equation appears inappropriate for materials with
low fracture toughness, such as single-crystal silicon, where reported Kj. values for the
{100} crack plane at room temperature range from 0.75 to 1.29 MPa+/m [25]. The Niihara
equation is generally more suitable for materials with a significantly higher fracture tough-
ness, such as WC-Co, which exhibits values greater than 10 MPa/m [25]. Furthermore,
there is disagreement regarding the appropriate choice of the constraint factor [26]. On
the other hand, the Anstis equation was proposed as a better fit for silicon as Anstis used
silicon to calibrate the toughness equations and accounted for the residual stress intensity
term in his formulation. Unfortunately, the anisotropy characteristic of single-crystal silicon
is neglected in these formulations, and in most indentation fracture studies, single-crystal
silicon is often treated as though it were isotropic [25].

The present paper aims to quantify the fracture energy in p-doped single-crystal
silicon using an indentation technique, and thereby explore the effect of crystallographic
orientation and temperature, up to the typical operational temperature of 90 °C.

2. Materials and Methods

The experiments were conducted on boron-doped p-type silicon wafers on the (001)
plane. These wafers had a resistivity of 10-20 Ohm-cm, corresponding to a uniform doping

0% atoms/cm? of boron, and a thickness of 525 um = 20 um. The wafers

concentration of 1
were mirror polished on one side. Indentations were made using an automated Clemex
microhardness tester equipped with a Vickers indenter. Indentations were performed at

three different temperatures: 25 °C 1 °C, 50 °C &1 °C, and 90 °C £ 1 °C. A PTC (posi-
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tive temperature coefficient) heating plate with a PID (Proportional-Integral-Derivative)
controller was integrated into the Clemex system to maintain precise temperature control
during indentation.

The silicon sample was placed on the heating plate, which was directly mounted on a
rotating test stage. This assembly was positioned on an XY moving test stage, as shown in
Figure 1. The rotating stage enabled alignment of the desired crystallographic orientation
with the indenter axis. Angular alignment was verified using a digital goniometer with
a precision of £1°. The XY moving stage allowed accurate control of indent positioning,
ensuring that each indent was spaced at least ten times the maximum expected crack length
to prevent crack interaction and misleading results. The positioning was pre-programmed
using the Clemex software. A load of 100 gf was applied for angles ranging from 0°
to 15° relative to the (110) direction and the indenter diagonal, while a reduced load of
50 gf was used for angles up to 45° to minimize chipping and ensure reliable outcomes.
The two different loads were necessitated due to the great anisotropy inherent in silicon,
such that one indentation load was insufficient to probe all orientations. Between 10 and
15 indentations were made for each direction.

Automated Clemex microhardness tester
—|

'—%‘/ Vickers indenter

| Silicon sample

PID controller. ="
\ Heating plate
\\ Rotating test stage
N XY moving test stage
—

Figure 1. Schematic diagram of the indentation setup.

After air cooling to room temperature, crack lengths were measured using a Keyence
VHX-7000 digital microscope (Osaka, Japan). Crack lengths (c) were measured from the
center of the impression to the crack tip. In principle, changes in temperature can affect
crack lengths due to thermal stresses; we, therefore, ensured that cooling was gradual (no
forced cooling) and indeed did not observe any increase in cracking during cooling back to
room temperature. If exactly four radial cracks were observed—one at each corner of the
indent—all were measured. If more than four cracks formed, only the four most symmetric
and longest radial cracks were considered. In the case of chipping or significant spallation,
the indentation was not used in our measurements. The average was calculated from all
valid cracks and used to determine the fracture toughness using a modified version of
the Anstis equation (Equation (1)), where the homogeneous Young’s modulus (E) in the
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original equation was replaced with the directional Young’s modulus (E Ezz;‘?) to account

for silicon’s anisotropy:
(uow) /2
{nkl}

Ky = 0.016 (P/c3/?) 1)

where H is the hardness, P is the Vickers applied load, and c is the radial crack length. In
this study, variations in the directional Young’s modulus due to temperature changes were

not considered, nor was the effect of p-type doping on the elastic properties of the material.
(uvw)

{hki} 7
graphic plane {/kl}, can be calculated using the following equation [27]:

The directional Young’s modulus E in each direction (uvw) for any crystallo-

1

v
E{iid)

=511 -2 ( 511 — S12 — 0.5566) (m2n2 + 1’12}72 + mzpz) (2)

where m, n, and p are the direction cosines which describe the angles between the chosen
direction (uvw) and the principal crystallographic axes [100], [010], and [001], respectively.
Sij are the constants in elastic compliance matrix, for silicon the values of S11, S12, and Sy4
are 0.767 x 10711 Pa~1, —0.213 x 10~ Pa~!, 1.256 x 10! Pa~!, respectively [28].

In this work, the critical energy release rate (ERR), or fracture energy, was determined
by assuming that the crack extension remained relatively straight, and that propagation
ceased when the maximum crack length was reached. The fracture energy was calculated
using the modified Irwin relation, based on data from the Vickers indentation tests. This
relation allows for the consideration of crystallographic effects on the energy release rate
of single crystal silicon. In plane strain condition, the fracture energy (ERR) is given

by [27,29,30]:
2 ap?
(wow) "K1c<1 - U{hkl}) 3
1C{hkl} - <uvw> ( )
‘:{hkl}

where CEZZ? is the equivalent direction-dependent anisotropic Young’s modulus, and vp{éfkl}
is the anisotropic Poisson’s ratio between two orthogonal crystallographic directions & and

B within any crystallography plane {/kl}, and can calculated by [31]:

op S12 + (511 — S0 — O~5566) (m%m% + Tlii’l% + P%P%)
Oty T s11 — 2(S11 — S12 — 0.55¢6) (m3n2 4 n3pZ + m2p32)

(4)

where (114, 114, py) are the direction cosines of direction & and (g, g, pg) are the direction
cosines of direction B.
Integrating Equation (1) into Equation (3) we obtain:

1/, 2
m(0ot6(Ef /H) (P/e2) | (1-0ih)
(uwow)
Glc{hkl} - 5?[7}1{? (5)
hkl

Equation (5) represents the fracture energy, or critical energy release rate (ERR), for
mode 1 under plane strain conditions, now modified to incorporate the influence of material
elastic anisotropy and crack orientation on the ERR.

From an atomic perspective, fracture in brittle materials results from the breaking of
atomic bonds [32]. Single-crystal silicon, with its periodic structure and strong covalent
bonds, allows for the estimation of fracture energy using a bond energy approach under the
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assumption that no surface reconstruction, environmental reactions, or plastic deformation
occurs [33-36].

The fracture energy for a specific crystallographic plane {hkl} can be estimated by
multiplying the bond energy by the number of bonds broken per unit area on the corre-
sponding fracture plane. Since fracture energy can be defined as twice the surface energy
Y{nk1}, this approach leads to the following expression for fracture energy:

E3T dmax(h,k,1)
2’)/ WY = Y e
L By

where the lattice constant of silicon is a9 = 0.543 nm, and the bond energy of silicon at

(6)

room temperature is E ;? I' = 226 kJ /mol [37].

3. Results

Figure 2 presents the variation in Young’s modulus and Poisson’s ratio for silicon
within the (100) crystallographic plane, obtained from Equations (2) and (4), respectively.
The angles are measured from the (110) direction. Young’s modulus reaches its maximum
value of 169 GPa along the (110) direction, while its minimum value of 130 GPa is observed
along the (100) direction. Conversely, Poisson’s ratio exhibits a maximum of 0.28 along the
(100) direction and a minimum of 0.06 along the (110) direction.
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Figure 2. Elastic constants of silicon in the (100) plane as a function of crystallographic orientation:
(a) Young’s modulus and (b) Poisson’s ratio.

Figure 3 provides representative micrographic images of the Vickers indentations,
while the overall average results are summarized in Table 1. Each reported value corre-
sponds to the average of 10-15 indentation measurements. These results show a clear
dependence on both temperature and orientation, with maximum values consistently ob-
served in the (100) crystallographic orientation and minimum values in the (110) direction.
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Figure 3. Micrographs of Vickers indentations on single-crystal silicon at different temperatures
(25°C, 50 °C, and 90 °C) and orientations. The angle is between the <110> direction and the indenter
diagonal. (a—c): Indentations at 8 = 0° and temperatures of 25 °C, 50 °C, and 90 °C, respectively.
(d—f): Indentations at 8 = 45° and temperatures of 25 °C, 50 °C, and 90 °C, respectively.

Table 1. Measured fracture toughness and fracture energy of boron-doped silicon for various indent
orientation angles at 25 °C, 50 °C, and 90 °C.

Hy (GPa) Kic (MPa,/m) G1c (J/m?)

Angle (£1°)  Plane 25°C 50°C 90°C 25°C 50°C 90°C 25°C 50°C 90°C
0° (110) 11.05 1055  10.16 0.81 0.77 0.74 442 3.93 3.65
5° (560) 11.31 11.03 9.84 0.82 0.78 0.73 448 4.10 3.56
15° (470) 11.74 1113  10.33 0.85 0.83 0.77 4.76 454 3.88
25° (380) 1200 1152  10.85 0.93 0.86 0.80 5.57 4.81 4.17
35° (160) 1242 1197 1111 0.96 0.90 0.87 5.79 5.10 4.72
40° (910) 1275 1230 1154 1.01 0.93 0.89 6.39 5.40 4.93
45° (100) 13.06 1259 11.80 1.10 0.97 0.90 7.52 5.71 5.13

At 25 °C, the hardness showed a gradual increase with the orientation angle, ranging
from a low value of 11.05 GPa to a peak value of 13.06 GPa. Fracture toughness (Kj) exhib-
ited a 36% increase with the increase in angle, rising from 0.81 MPay/m to 1.10 MPay/m,
while fracture energy also showed a 1.7-fold increase, from 4.42 J/m? to 7.52 ] /m?.

At 50 °C, the hardness values decrease relative to those at room temperature, ranging
from 10.55 GPa at angle 0° to 12.59 GPa at 45°—this angle is between the [110] crystallo-
graphic direction and the diagonal of the indenter. Both the fracture toughness and the
fracture energy slightly decrease compared with 25 °C but increase with angle up to 45°,
indicating that elevated temperatures reduce these mechanical properties.

At 90 °C, there is a further decrease in the hardness observed. A similar trend was
observed for the fracture toughness, reaching 0.90 MPa/m at 45°. In the case of fracture
energy, an 18% decrease is observed compared with the 25 °C value in the (110) direction,
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and a 38% decrease in the (100) direction, with corresponding measurements of 3.65 ] /m?
and 5.13 J/m?, respectively.

The theoretical fracture energy for pure, undoped silicon was computed using
Equation (6), based on literature values and the corresponding Young’s modulus values
at 25 °C shown in Figure 1; values for elevated temperatures are not readily available in
the literature. The fracture energy for undoped silicon exhibits a similar trend, rising from
3.60]/m? along the (110) crystallographic directions to 5.09 ] /m? along the (100) directions.
Similar values for boron-doped silicon were not readily available in the literature.

Figure 4 shows the fracture energy of boron-doped single-crystal silicon measured at
three different temperatures (25 °C, 50 °C, and 90 °C) as a function of indent orientation
angle, represented on the horizontal axis. Additionally, theoretical values at room tempera-
ture (for undoped Si) are plotted in the same graph for direct comparison. The straight tie
lines were included to help guide the eye but do not have a direct physical interpretation.

—8— 25°C
50°C
—&— 90°C

-@- Theoretical Values at 25°C

10 20 30 40
Orientation angle

Figure 4. Orientation-dependent fracture energy of single-crystal silicon at various tempera-
tures: the angle (in degrees) is measured between the <110> crystallographic direction and the
indenter diagonal.

4. Discussion

The results clearly highlight the anisotropy of fracture energy in single-crystal silicon,
showing that fracture energy increases as we move from the (110) plane to the (100) plane.
This anisotropic behavior is evident across all tested temperatures, with the (110) plane
consistently showing the lowest fracture energy, while the (100) plane exhibits the highest.
This suggests that the (100) plane is the most resistant to crack propagation, whereas the
(110) plane is the least resistant. Comparing the experimental results with theoretical
predictions at room temperature, we observe that the experimental values are generally
greater; this divergence can be attributed to the fact that the theoretical model does not
account for plastic work and that minor secondary cracks or spallation were not considered.
In contrast, the experimental values, derived from the Vickers indentation fracture data
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and calculated using the modified Anstis equation, consider the residual stresses caused
by plasticity. Additionally, the theoretical curve appears to flatten beyond an angle of 35°,
indicating that, theoretically, the fracture energy remains almost constant between 35° and
45°. However, the experimental results show an increase beyond 35°, particularly at room
temperature. This indicates that for these planes, there is a greater contribution of plasticity
compared with other planes, as shown by the observed distortions beneath the indenter
imprint, as illustrated in Figure 3.

Surprisingly, the experimental data show a significant decrease in the fracture energy
of boron-doped p-type single-crystal silicon as temperature rises, as illustrated in Figure 5.
This behavior contrasts with previous studies on undoped silicon [7,8,10], where an increase
in fracture toughness was observed due to dislocation activation, typically occurring at
60 °C to 70 °C around the fracture tip; these mobile dislocations absorb energy before
fracture occurs. In the present study, it appears that the boron dopant has a significant effect
on the mechanical properties; this effect on the mechanical properties cannot be ignored
when designing semiconductor devices.

7.5 Planes
-@- (110)
~m- (560)
7.07 ~®- (470)
—&- (380)
6.5 -¥- (160)
.. -®- (910)
T TIs ~#- (100)
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§ ‘\\\\ \\\\\
2 ‘\ \\\\ \\\
S 5.5 ~<{_ ~~<1_ N
E \\\\ \\\\ ~~~~~~~~~
> S S TEsS—-—
o \\\ D kel T T
@ 5.0 S~ S - ~==q
w B S e
o - ____ it I bl P I
- . | [TT===a “ ~~~~~~~~ Ny “§-"
45 .;;;, ~———— | TEsee 5“~\\\~
\\‘~~;;;'* N e e e -A
4.0 1 L ot
\.____--——_; ——— -§~’
h_<___»______ﬁ_ﬁ
3.5 1 T
30 40 50 60 70 80 90

Temperature (°C)

Figure 5. Fracture energy variation with temperature for different crystallographic planes in boron-
doped single-crystal silicon.

In the case of boron-doped silicon, the observed reduction in fracture energy with
increasing temperature in this study aligns with previous research on p-doped silicon [4].
This suggests that dislocation mobility may be restricted at this temperature range, likely
due to the presence of boron atoms that pin dislocation motion. Additionally, thermal
expansion effects further contribute to the observed reduction in fracture energy, as the
elevated temperatures stretch and weaken atomic bonds. The contrasting effect of temper-
ature on fracture energy for doped and undoped silicon highlights the need for careful
consideration in silicon device design. Additionally, further study is necessary to confirm
the underlying mechanism explaining this observation, and to explore the effects of alter-
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References

nate dopants, including other acceptors like indium (In) and aluminum (Al), as well as
donors such as arsenic (As), antimony (Sb), or phosphorous (P).

5. Conclusions

Fracture mechanisms in pure, undoped single-crystal silicon have been extensively
studied at room temperature, but the fracture behavior of doped silicon at the elevated
temperatures typically experienced in operation remains poorly understood; indeed, the
effect of doping on the mechanical properties is largely ignored. In this study, the fracture
energy of (100) boron-doped silicon wafers (p-type) over a temperature range from room
temperature to 90 °C was investigated for different crystallographic orientations using an
indentation method.

The Vickers microindentation experiments highlight the anisotropic nature of silicon,
with the [100] orientation consistently showing the highest fracture energy across various
temperatures, while the [110] orientation displays the lowest, leading to preferential crack
growth in this direction. Temperature significantly influences the mechanical properties
of boron-doped silicon. As the temperature rises from 25 °C to 90 °C, hardness, fracture
toughness, and fracture energy decrease, indicating a reduction in the material’s resistance
to crack propagation. This study reveals unexpected trends in the fracture behavior of
boron-doped silicon at operational temperatures, which contrast with prior studies on
undoped silicon, where increased fracture energy at elevated temperatures was observed
due to dislocation activation.

Controlling fracture behavior is critical to ensuring the long-term reliability of elec-
tronic devices. Although the mechanical behavior of undoped silicon at room temperature
is well understood, this unexpected finding for boron-doped silicon shows that further
investigation is warranted. This is particularly important since almost all silicon-based elec-
tronic devices use doped silicon operating above room temperature. Further investigation
is therefore necessary to fully explain the observed fracture behavior of doped silicon at the
elevated temperatures experienced during typical device operation.
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