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� Hardness anisotropy associated with
crystal orientation governs surface
damage morphology in LiNbO3.

� A 20% difference in hardness can
double the characteristic strength of
LiNbO3.

� Tailored high Young’s modulus
surface planes of LiNbO3 can
significantly increase its
characteristic strength.
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Piezoelectric single crystalline materials are paramount for high-speed data transfer in 5G technologies.
The functionality of the end-devices demands temperature independent frequency filtering and high sur-
face acoustic wave velocities, which are associated with the orientation dependent thermo-physical
properties of the piezoelectric substrate material. Single crystalline Lithium Niobate (LiNbO3), cut in par-
ticular directions, has proven to have outstanding functional properties, yet its brittle character along
with the highly anisotropic mechanical properties may limit its use in demanding applications.
In this study, the effect of crystal orientation on hardness and on mechanical strength is demonstrated

by comparing nanoindentation results and finite element analysis supported biaxial strength experi-
ments for two LiNbO3 samples with different orientation. It is demonstrated that the crystal anisotropy
leads to differences in hardness up to � 20% between both orientations, with the characteristic strength
being double in the harder direction. The observed correlation is rationalized based on the effect of sur-
face finish and distinct sub-surface damage in the corresponding crystal orientations. Additional strength
measurements on nano-scratched samples revealed a significantly higher remaining strength for the
harder orientation due to less (sub-) surface damage. These findings can be exploited in future design
of single crystalline substrate materials with higher reliability.
� 2021 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Single crystalline materials have found widespread application
in microelectronics due to their outstanding functional properties.
In particular, silicon can be considered as the basis of every func-
tional microelectronic system. However, the demand for ever
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Fig. 1. Orientation dependent Young’s modulus of LiNbO3 at constant electric field.
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higher packing densities and functionalities makes it necessary to
explore the use of other brittle single crystals to be employed as
substrates for functional components. An example are single crys-
talline piezoelectric substrate materials for wave filters, utilized in
the 5G technology for mobile devices [1,2]. Two representatives of
such materials are LiTaO3 and LiNbO3, which show well-balanced
properties in terms of high electromechanical coupling factor,
low insertion/propagation loss, low temperature dependences
and producibility of sufficiently large diameters at acceptable
costs.

The key task of a frequency filter is to allow a certain centre fre-
quency within a bandwidth to pass and simultaneously suppress
all other frequencies. For higher frequencies (in the GHz regime),
bulk acoustic wave filters (BAWs) may be used [3]. An alternative
to such rather expensive technology may be the use of surface
acoustic wave (SAW) counterparts, which are in general conceived
for lower frequencies, where lithographic as well as wafer bonding
techniques originating from the semiconductor industry have been
successfully established [1,4–7]. Therefore, a further development
targets to expand the application range of SAWs by shifting the fil-
tered centre frequency to higher values. This can be achieved by
reducing the electrode’s width and/or spacing between electrodes,
were the geometric limits are associated with the lithographic pro-
cess. Another possibility is to increase the wave velocity of the sub-
strate, which is proportional to the centre frequency. In such case,
both the chosen substrate material itself and the corresponding
orientation (in case of single crystals) can strongly influence this
property. For instance, in certain orientation, LiNbO3 has been
found to provide extraordinarily high wave velocities as high
as � 4000 m/s, making it exceptionally suitable for SAW substrates
[8,9].

Despite the use of piezoelectric crystals for their functional
properties, structural integrity of the substrate material during
in-service conditions must be preserved. Since in a microelectronic
system different material classes (polymers, metals, ceramics) with
distinct thermo-mechanical properties are combined, this may
compromise the mechanical reliability of the component when
they are exposed to significant changes in temperature (e.g. during
production or in service) [10–13]. In case such stresses overcome
the component strength, cracks may arise and the functionality
of the entire microelectronic system may be no longer guaranteed.
As such, it would be of importance to identify crystallographic ori-
entations that not only provide high wave velocities, but at the
same time also increase the mechanical robustness by limiting
the tendency to fracture and increase the characteristic material
strength to avoid overload failure.

Previous studies have revealed a strong dependence of the
strength of piezoelectric crystals, such as LiTaO3 and LiNbO3, on
the orientation with respect to the loading plane [14]. In addition,
a significant effect of the surface condition (i.e., mirror-polished,
grinded, or nano-scratched) on the strength distribution could be
observed and quantified [15]. Furthermore, it was found that
LiTaO3 and LiNbO3 materials displayed significant difference in
hardness, which may result in different surface (or sub-surface)
defect populations associated with the polishing process [16]. In
this regard, low biaxial strength values (compared to chemically
similar LiTaO3 single crystals) together with non-Weibullian
strength distributions were measured for a particular orientation
in LiNbO3 material [14]. In that case, the surface corresponds to

the (0 1
�
14) crystallographic plane, which is known to have rela-

tively low hardness [17].
To the best of our knowledge, it is currently unclear whether a

direct correlation exists between strength, hardness and orienta-
tion in piezoelectric brittle crystals such as LiNbO3. It is hypothe-
sized that hardness anisotropy, as observed for many single
2

crystalline materials [18–20], may have an effect on the defect for-
mation during polishing, thus influencing the strength distribution
of the material and corresponding reliability of the substrate, but
detailed knowledge is lacking.

Therefore, the aim of this work is to quantify the effect of crystal
orientation on hardness and subsequently strength distribution in
LiNbO3 piezoelectric materials. Two different crystallographic ori-
entations are chosen for the investigation. Hardness and indenta-
tion equivalent elastic modulus of the two differently oriented
samples are measured using nanoindentation. Furthermore, a
miniaturized biaxial bending test, the ball-on-three-balls (B3B)
testing method, is employed in combination with finite element
analysis (FEA) to account for anisotropy effects on failure stress
determination. The thereby derived Weibull evaluation accounting
for anisotropy is employed in order to compare the strength of the
two orientations. To gain a deeper insight into the damage beha-
viour responsible for pre-existing surface defects, besides common
post-mortem fractography, controlled scratch experiments using a
Berkovich nanoindenter tip are performed on both orientations,
followed by biaxial bending tests on these pre-damaged samples
to relate the fracture characteristics to a well-defined initial defect.
These controlled experiments shed a light on the influence of sur-
face treatments with respect to resulting characteristic strengths
and will enable optimized polishing procedures in the future.
2. Materials and methods

2.1. Materials & wafer surface:

As a non-centrosymmetric material, LiNbO3 shows various
functional properties of great interest such as pyro-electricity,
non-linear optical behaviour or piezo-electricity [21], which may
be exploited best when the material is used in single crystalline
form. It has a trigonal crystal structure which may be translated
into a more convenient hexagonal one (as done in this work). Cor-
responding parameters of the unit cell are: ah = bh = 5.148 Å and
ch = 13.863 Å [22]. Like other single crystalline materials, LiNbO3

shows orientation dependent functional as well as mechanical
properties, where the latter ones are of interest in this work. In this
context, the orientation dependent Young’s modulus (at a constant
electric field) is plotted in Fig. 1 according to the values obtained
The highest values are evident along the [0001] direction.
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from Smith et al. [23]. It can be seen that the highest values are
observed along the hexagonal c-axis, corresponding to the [0001]
direction, which therefore represents the direction with the stron-
gest chemical bonds.

According to the application the single crystalline material has
been conceived for, a certain wafer orientation is usually prefer-
able. For the application as SAW filter, an angle of 128� between
the wafer surface and the c-axis (‘‘LN128”) is often chosen due to
the high wave velocity of this cut together with low insertion loss
and acceptable temperature coefficients [8,9]. This cut corresponds
to a rotation of � 38� of the c-axis around the x-axis towards the y-
axis (see Fig. 2a). The direction dependent Young’s modulus is
rotated in the same way and also indicated in Fig. 2a). For this
cut, where the strong bonds along the c-axis are far away from
being in the surface plane or perpendicular to it, the relatively soft

(0 1
�
14) plane is parallel to the surface.

As far as hardness is concerned, the orientation dependent
value may be predictable for many materials based on the elec-
tronegativity [24]. Unfortunately, such an approach is not suitable
for materials containing highly ionic bonds, such as LiNbO3. How-
ever, hardness is determined by the elastic bulk and shear modulus
[25], which are, together with Poisson’s ratio, of great relevance for
design tasks [26]. For LiNbO3 it can be summarized that the stron-
gest atomic bonds are aligned along the [0001] direction (see
Fig. 1). It is hypothesized that rotating the strong bonds in plane
may increase the hardness of the material. This orientation, with
the [0001] direction being parallel to the surface plane (‘‘LN0”), is
illustrated in Fig. 2b). Thereby, the surface corresponds to the (01

1
�
0) plane.
For both orientations (LN128 and LN0, see Fig. 2a and b), spec-

imens for biaxial bending (B3B-experiments) were manufactured
from mirror polished 400 wafers with dimensions of 2 � 2 mm2,
with corresponding wafer thickness of 0.133 mm for LN128 and
0.140 mm for LN0, respectively.

The mirror polished surfaces were investigated on a VK-X1000
confocal microscope (Keyence, Osaka, Japan). Average roughness
values of Sa = 1–2 nm were measured on representative areas
(�210 � 280 mm), as shown in Fig. 2. The highest and lowest points
on the investigated areas differ by around 10–12 nm for both
materials. For LN128 (Fig. 2a) a streaky surface pattern repeating
Fig. 2. (a) Orientation of the strongest atomic bonds for ‘‘soft” surface (‘‘LN128”)
and (b) for ‘‘hard” surface (‘‘LN0”) together with 3D confocal microscope images of
the respective surfaces. No significant differences in morphology and roughness
possibly affecting the strength are evident.
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every � 30 mm is observed, whereas for LN0 (Fig. 2b) a chequer-
board pattern with similar peak distances (�15–30 mm) was
detected. It is worth mentioning that regarding possible effects
on the strength, no significant differences in roughness and mor-
phology could be observed.

2.2. Nanoindentation & nanoscratch

Nanoindentation experiments have been performed on LN128
and LN0, respectively, in order to retrieve hardness as well as
indentation equivalent elastic modulus for both orientations of
the single crystalline LiNbO3 material. All indentation experiments
were carried out on a G200 nanoindenter (Keysight-Tec, Santa
Rosa, California, USA) equipped with a diamond Berkovich tip
(Synton-MDP AG, Nidau, Switzerland) and using a continuous stiff-
ness measurement (CSM) unit. Calibration experiments were con-

ducted on fused silica. Constant strain rates of _P=P = 0.05 s�1 and a
displacement amplitude of 2 nm at a frequency of 45 Hz for the
CSM signal were chosen for the conducted displacement-
controlled experiments. For this setting no influences of the inte-
grated lock-in amplifier are to be expected [27]. The same applies
for thermal drift, which was measured in a post-test segment,
where it did not exceed 0.3 nm/s for any indent performed. For
both orientations, hardness as well as indentation equivalent mod-
ulus, were determined according to Oliver and Pharr [28], with the
latter value being calculated from the received reduced modulus
during indentation and the materials Poisson’s ratio (m = 0.25)
together with elastic constants for the tip (E = 1141 GPa, m = 0.07
[29]). Correction of the obtained values according to Vlassak and
Nix to account for anisotropic materials behaviour were neglected
due to the low anisotropy factor of 1.4 (calculated using data from
[23]), since the maximum possible influence should be below 2%
[30,31] and thus well within the overall measurement
uncertainties.

For the scratched samples, the same nanoindenter equipped
with a Berkovich tip was utilized to perform scratches in the centre

of the specimen, parallel to one of the most critical {01 1
�
2} cleav-

age planes [32] and with the indenter edge ahead for both crystal
orientations. Scratch load, speed and length were set to 10 mN,
1 mm/s and 100 mm, respectively.

2.3. Biaxial strength testing methods and finite element analysis

For the strength measurements conducted in this work, a biax-
ial testing method, the B3B test [33,34], schematically illustrated in
Fig. 3a, was employed in order to account for the expected aniso-
tropic fracture behaviour of the single crystalline materials. Fur-
ther advantages of this test are that only the surface of the
specimen is exposed to the highest tensile stress (no influence of
edge defects), and the possibility to test specimens with dimen-
sions close to a final SAW-device (side lengths in the mm-regime
and thickness of � 100–200 mm) [4,35]. The specimens with
dimensions of 2 � 2 � 0.133 mm3 for LN128 and 2 � 2 � 0.140
mm3 for LN0 were marked with coloured dots in the corners before
extracting to ensure traceability of the crystallographic orientation,
indicated in Fig. 3b and c bottom right with respect to the orienta-
tion indicated in Fig. 2. For the subsequent B3B test the specimen
was supported by three balls and loaded through a fourth ball (di-
ameter of � 1.19 mm for all four balls) on the opposite side (see
Fig. 3a), leading to a well-defined biaxial stress field on the oppo-
site side of the loading ball.

Pre-loads between 0.5 and 2 N were chosen to guarantee con-
tact between the specimen and the four balls prior testing. A
cross-head displacement speed of 0.1 mm/min was employed up
to the fracture load on a universal testing machine (Zwick Z010,



Fig. 3. (a) Schematic representation of the conducted B3B test; (b) stress field and f-factor for the LN128 orientation and (c) stress field and f-factor for the LN0 configuration.

Fig. 4. Representative load vs. displacement curves for LN128 (blue, reproduced
data from [16]) and LN0 (green) with inserted table containing corresponding
hardness and indentation equivalent elastic modulus values. The measured
hardness of LN0 is � 20% higher compared to the LN128 orientation.
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Zwick/Roell, Ulm, Germany). For the LN128 sample without
scratches, data pooling with already published results was per-
formed. Thereby, samples with testing speeds of 0.01–1 mm/min
tested in water and air have been combined since no significant
sub-critical cack growth phenomena could be measured in the
respective previous work [14] and were recalculated taking into
account the anisotropic elastic behaviour, as considered in this
work. The stress distribution in the LiNbO3 specimens (see
Fig. 3b and Fig. 3c for LN128 and LN0, respectively) has thereby
been calculated with the commercial FEM-package ANSYS Release
2021R2 within a linear elastic approach with values taken from
[23]. About 400,000 2nd order brick elements (SOLID186) corre-
sponding to about 1.5 million nodes were used to setup the FE
model for the full specimen (note: the full model is necessary
due to the lack of symmetry). The anisotropy of the material has
been fully accounted, as well as the two special orientations of
the crystals (LN128, LN0) in the B3B-loading condition. The sup-
ports of the three balls were idealized by displacement constraints
on the corresponding nodes, while the load was modelled by a cen-
tral force perpendicular to the surface. The stress maximum occurs
on the tensile loaded side nearly opposite to the central force posi-
tion, but due to the non-symmetric general orientation of the elas-
tic material tensor the maximum position is slightly off centre in
the plate.

The corresponding failure stress (rf) was calculated out of the
maximum load (P) after the B3B test according to:

rf ¼ f � P
t2

ð1Þ

with (t) being the specimen thickness. The factor f retrieved
from the finite element simulations has a value of 2.075 for the
LN128 (0.133 mm thick) and 2.188 for the LN0 (0.140 mm thick)
specimens, respectively. Failure stress values were interpreted
within the Weibull theory [36] following the recommendations
as given in EN 843-5 standard [37]. For the scratched tests 15 spec-
imens per sample were prepared and tested.
3. Results & discussion

3.1. Nanoindentation

Fig. 4 shows representative load–displacement curves for the
two differently oriented LiNbO3 specimens. The flatter curve
belongs thereby to LN128 (reproduced using data from [16]) and
the steeper one to LN0. Correspondingly, the obtained values for
hardness and indentation equivalent elastic modulus are higher
for the latter one and can be obtained from the table inserted in
Fig. 4. Especially the hardness of LN0 is with 8.0 GPa � 21% higher
compared to the previously published value of LN128 (6.6 GPa),
4

while for the indentation equivalent elastic modulus only a slight
increase of � 7% was observed for LN0 (208 GPa) compared to
LN128 (195 GPa), with data for LN128 being taken from [16]. Hard-
ness values are within the expected range for LiNbO3 as summa-
rized in [38]. The same applies for indentation equivalent elastic
modulus as reported for different wafer cuts in [39]. As far as ani-
sotropy is concerned, it is noteworthy pointing out that Csanadi
et al. reported similar relative differences in ZrO2 when the hardest
and stiffest orientation was compared with the softest and most
compliant one [40].
3.2. Strength evaluation

The strength distributions for the two samples are represented
in a Weibull diagram (see Fig. 5) where values for LN128 were
taken from previous work [14], but recalculated taking the f-
factor for the elastically anisotropic case (see details in section
2.3). The probability of failure (F) is plotted versus the failure stress
(r), where the latter one is being calculated according to Eq. (1).
The corresponding Weibull parameters r0 and m (characteristic
strength and Weibull modulus, respectively) were evaluated using
the EN-843–5 standard [37].

It can be summarized that the characteristic strength of the
sample with the harder surface (LN0), i.e. r0 = 1442 [1396–1489]
MPa is twice the characteristic strength of the sample with softer
surface (LN128), i.e. r0 = 724 [693–757] MPa. These findings are



Fig. 5. Weibull diagram for LN128 (blue circles, recalculated data from [14] taking
into account the anistropic elastic material behaviour according to chapter 2.3) and
LN0 (green triangles). The dotted line represents the Weibull fit, the dashed lines
the corresponding 90% confidence intervals.
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in contrast to plastically deformable materials such as metals,
where a linear relationship between strength and hardness is gen-
erally reported [41,42]. However, for brittle materials such as
LiNbO3, which fail before reaching their yield strength, no such
general relationship has been observed [41]. For these materials,
the strength is determined by the combination of defect (size)
and fracture toughness, where the latter one does not vary signif-
icantly for brittle engineering materials [42]. Nevertheless, hard-
ness represents the resistance of a material against penetration
of foreign bodies and can therefore significantly influence the
mechanical reliability: In this regard, surface defects originating
from production (grinding, polishing) or service are usually identi-
fied as the main cause of failure. Such fracture behaviour may be
also expected for single crystals, where no large volume defects
are present.

The LN0 distribution seems to follow a Weibullian behaviour
with m � 7, which is relatively high for a mirror polished single
crystalline material where usually m values of 3–5 are reported
[35,43,44]. In comparison, LN128 is strongly deviating from a
two parameter Weibull distribution and can neither be described
with a three-parameter distribution. An explanation to this finding
may be provided by the work of Danzer et. al [45], where the influ-
ence of different artificial flaw distributions is discussed. For a dis-
tribution with an extraordinarily high density of defects within a
certain size range, a similar ‘‘banana” shaped curve may be
obtained when the tested effective volume is within a certain
range. Such behaviour may be the consequence of a grinding
and/or polishing step, where damage is caused by a certain size
of the particles in the abrasive medium. This could cause a high
density of flaws within a small size range, which could explain
the strong deviation from Weibullian behaviour for the softer sam-
ple. For the harder surfaces, however, this damage may not be sev-
ere enough and may be removed in following polishing steps due
5

do the higher resistance against penetration of foreign bodies,
resulting in the observed Weibull behaviour of LN0.

3.3. Fractography

Examination of fracture surfaces on brittle materials can reveal
important information on the type, shape and location of the crit-
ical defect in the specimen. In case of single crystalline materials,
which hold a high strength and therefore feature small flaw sizes,
specimens are typically fractured into a large number of fragments.
This fact in combination with the already small specimen size
made examinations of pristine specimens challenging. In order to
overcome this issue, selected specimens were mounted on an
adhesive tape and then loaded to failure in the same B3B configu-
ration. Fragments were kept together by the tape and could be
analysed post-mortem. Representative specimens are shown in
Fig. 6 for LN128 (left) and LN0 (right) together with schematically
reconstructed fracture patterns underneath. The thinner the line,
the steeper is the angle to the surface and the more critical the
plane is aligned for cleavage in the applied testing method. This
correlation is plotted in the supplementary figure for a thickness

of 0.133 mm. For LN128, the (0 1 1
�
2) and (1 0 1

�
1) planes are

almost perpendicular to the surface and were clearly activated

(see Fig. 6, left). The crack along (1 0 1
�
1) turns into the (1 1

�
0 0)

plane at some distance to the centre. For LN0, the most critical

cleavage planes are (1 1
�

0 2) and (1
�

0 1 2), with an angle
of � 65� to the surface, and were visible on every specimen (see

Fig. 6, right). Interestingly, also (01 1
�
2) with an angle of only � 33�

was activated regularly. The same applies for the (1
�
1
�
23) and (1 2

�

13) planes, both with an angle of � 41� to the surface. The (2
�
16)

and (2 1
�
6) cleavage planes identified by Hirsh et al. [46] would

lead to similar surface fracture patterns. However, for the LN0 ori-
entation they are both perpendicular to the surface, which does not
fit to the actual crack path observed in this work.

Due to the many fragments, SEM investigations could not reveal
the fracture origin and primary crack. It can only be speculated that
the facture origin may be a scratch acting as a surface defect,
aligned parallel to a critical cleavage plane, as observed in previous
work [15].

3.4. Scratch tests and strength evaluation

For a deeper understanding of the indirectly measured surface
damage behaviour of LN128 and LN0, scratch experiments with a
diamond Berkovich tip were conducted. This may give detailed
insights into possible mechanisms occurring when a relative
movement between hard particles (e.g. from the abrasive medium)
and the sensitive wafer surface occurs. Fig. 7 shows the displace-
ment into surface vs. scratch distance plots for LN128 (reproduced
data from [15]) and LN0, respectively. Both scratching directions

were parallel to a {01 1
�
2} cleavage plane with the steepest angle

to the surface (e.g. the most critical cleavage plane for the respec-
tive orientation in combination with B3B testing). It can be seen
that the mean displacement depth for LN0 is slightly lower while
showing higher scatter compared to LN128. The lower penetration
depth can be related to the higher hardness and Young’s modulus
of LN0. The reason for the higher scatter, however, is only visible in
the SEM images inserted in Fig. 7 for both materials. While for
LN128 a very continuous and smooth scratch remains at the sur-
face, a stepped morphology appears for LN0. Further, for LN128 a
continuous open crack (marked with blue arrows) seems to open
(cross sections may be retrieved from [15]) while for LN0 flaking
off seems to be the main damage mechanism for this scratch orien-



Fig. 6. Representative fracture patterns of LN128 and LN0, respectively, together with reconstruction of the pattern using certain crystallographic planes. Thin lines or cracks,
respectively, indicate a steeper angle to the surface of the corresponding crystallographic plane.

Fig. 7. Displacement into surface vs. scratch distance for LN128 (blue, reproduced
data from [15]) and LN0 (green) with representative surfaces inserted below. For
LN128 a continuous crack (blue arrows) seems to open, while for LN0 flaking off of
material (green arrows) seem to be the dominant damage mechanism. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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tation (highlighted with green arrows in Fig. 7). As far as sub-
surface damage is concerned, also a non-continuous damage
mechanism as described in [47] may be expected for the LN0 con-
figuration accordingly.
6

For LiNbO3 it is already known that the scratch orientation may
strongly affect the damage morphology in terms of onset, severity
and direction of cracking and chipping together with strong differ-
ences in brittle to ductile transition depth/load [39]. Nevertheless,
for both orientations, the scratch is parallel to the most critical {01

1
�
2} cleavage plane, which is expected to cause the highest loss in

strength.
In order to evaluate the effect of the artificial surface damage on

the strength, biaxial strength measurements (B3B tests) of the
scratched specimens were performed for LN0 and compared to
previous results. Fig. 8 shows the Weibull diagram for LN0 from
this work together with recalculated data from [15] taking into
account the elastic anisotropy as described in section 2.3. Both
show a strong decrease in strength compared to their not pre-
damaged counterparts (see. Fig. 5 for comparison) by a factor
of � 2.6–2.8. Thus, the remaining strength for the pre-damaged
LN0 (520 [452 – 601 MPa]) is higher by a factor of 1.8 compared
to pre-damaged LN128 (282 [255 – 314 MPa]), even though for
both orientations scratches were made parallel to the most critical

{01 1
�
2} cleavage plane for this testing configuration. In light of

these findings it can be claimed that for the same, very defined
and reproducible introduction of artificial surface damage, the cor-
responding size of these defects is smaller for the harder orienta-
tion (see Fig. 8 bottom right). Corresponding effective defect
sizes were thereby estimated (assuming linear elastic fracture
behaviour) according to:



Fig. 8. Weibull diagram for scratched LN128 (blue triangles, recalculated from [15]
respecting the anisotropic elastic behaviour according to chapter 2.3) and LN0
(green circles) samples. The dotted line represents the Weibull fit, the dashed lines
the corresponding 90% confidence intervals. A significantly higher remaining
strength is evident for the harder LN0 sample after introducing artificial scratches.
Estimated effective defect sizes are provided in the insert bottom right. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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ac ¼ 1
p

KIC

Yr

� �2

ð2Þ

with Y = 1.12 [48] for a surface scratch and KIC = 1.1 [32] for
LiNbO3.

In summary, the example of LiNbO3 has evidenced the strong
dependence of crystal orientation on the mechanical reliability of
SAW filters, which are indispensable components in the modern
communication market. Even though the functional properties
may not be sufficient for their use as ‘‘bulk” substrate, new tech-
nologies combining the piezo substrate with quartz glass [49] or
multilayer approaches [50] may open the way for utilizing new
crystal orientations with enhanced functional properties and struc-
tural integrity. The utilization of combined nanoindentation tech-
niques with biaxial strength measurements and fractography has
proven successful to understand the effect of damage behaviour
and mechanical reliability in differently oriented LiNbO3 wafers,
and may be recommended for reliability analysis in other single
crystalline materials.
4. Conclusion

This work analysed a reference material used in SAW applica-
tions, LiNbO3, with mirror polished surface and two different crys-
tallographic orientations to demonstrate the strong effect of
hardness anisotropy in single crystalline materials and the relation
to mechanical strength.

Nanoindentation measurements revealed an increase in hard-
ness of � 20% when the strongest atomic bonds are aligned parallel
to the indented surface. This slight increase in hardness, however,
7

doubles the measured biaxial bending strength. Artificial flaws
introduced through scratch experiments revealed a difference in
damage morphology correlating to the orientation dependent
hardness. The harder LiNbO3 sample exhibited a much higher
remaining strength, which could be ascribed to the different dam-
age patterns observed. These patterns, on the other hand, depend
on the combination of crystallographic orientation of the surface
and scratch direction. While for the softer LN128 cracks into the
depth seem to open, flaking-off of surface material is the dominant
damage mechanism for the harder LN0, resulting in overall lower
average penetration depth of the indenter tip for the same applied
load.

As generalized conclusion, the surface conditioning of brittle
(single crystalline) materials can strongly influence the strength
of the substrate material and therefore the mechanical reliability
of the end component due to a crystallographic orientation depen-
dent hardness.
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