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ABSTRACT

Barium titanate is a brittle, lead free ferroelectric and piezoelectric ceramic used in patterned and thin film forms in micro- and nano-scale
electronic devices. Both during deposition and eventually during service, this material system develops stresses due to different loads acting
on the system, which can lead to its failure due to cracking in the films and/or interface delamination. In situ microcantilever bending based
fracture experiments and tensile tests based on shear lag tests in combination with digital image correlation were used to understand the
cracking behavior of barium titanate films when deposited on flexible substrates. For the first time, the fracture behavior of these nanocrys-
talline barium titanate films has been quantified in terms of fracture toughness, fracture strength, and interface shear stresses for different
film thicknesses. Critical defect size is estimated using the above information as a function of film thickness. It is found that damage toler-
ance in terms of fracture strength depends on film thickness. Furthermore, compared to a bulk single crystal, barium titanate fracture resis-
tance of the nanocrystalline thin films is reduced. Both effects need to be considered in engineering design of reliable devices employing
micro- and nano-scale barium titanate thin film structures.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0095139

. INTRODUCTION

The drive towards miniaturization of devices for more robust
and reliable applications mandates the estimation of deformation
and fracture behavior in the relevant length scales of application.
Most functional micro-electronic mechanical systems (MEMS) use
ferroelectric/piezoelectric ceramics like barium titanate (BaTiO;) as
sensors and actuators in their bulk and nanostructured thin film
forms." BaTiOs; is intrinsically brittle in its bulk form; therefore,
damage tolerance is critical to their deployment in service and life

behavior of nanocrystalline thin films of BaTiO; grown through
different physical, chemical, and electrochemical methods. Various
deposition techniques such as sputtering, pulsed laser deposition
(PLD), chemical vapor deposition (CVD), solgel process, and
hydrothermal process have been reported in the literature.” PLD
allows the growth of oxide thin films over higher oxygen partial
pressures, which decrease the oxygen vacancy concentration in the
film.»” BaTiOs has been deposited on a variety of substrates includ-
ing SrTiO;, Ni, and Si, using Ba,Sr;_,TiO;, LaNiOs, and SrRuO;
buffer layers to achieve epitaxy, while thicker films up to 1um

extension. Micropillar compression experiments on single crystal
BaTiOj; revealed a size effect in yield strength with pillars less than
1um diameter reaching near theoretical strengths.” As a conse-
quence, the elastic strain limit was also pushed to significantly
higher values with decrease in size, followed by accommodation of
strain through dislocation mediated plasticity.” While this is true
for single crystals, there are very few reports of the mechanical

thickness have also been successfully grown recently by PLD.’™
There have been efforts in the recent past to utilize the piezoelectric
property of BaTiO; thin films in the development of flexible elec-
tronic systems.”'” Failure in BaTiOj thin films happens especially
due to tension developing during bending, which ruptures the
films in a brittle manner. Therefore, the tendency for cracking of
these thin films on different flexible substrates were studied using
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shear lag tension, as this technique allows for quantitative measure-
ments without the need for making free-standing specimens.'' ™"

The fracture behavior in brittle thin films is quantified in
terms of fracture strain, fracture strength, fracture energy, or frac-
ture toughness. Different micromechanical experiments have been
performed to understand the fracture behavior in different classes
of thin film materials.'* In situ tensile test on the film/substrate
system based on the shear lag model is one such approach to
measure fracture stress of thin films and also their adhesion ener-
gies and interface shear strengths.'"'>'® These in situ tensile tests
are also a reliable screening technique to compare the fracture
toughness in brittle and hard coatings using the fracture strain
criteria.'”™"” For ceramic (film)/metal (substrate) system, the plastic
deformation in the metal substrate (as a result of application of
strain) is accommodated by the elastic deformation of the ceramic
film until the film cracks. The strain at which the film cracks is
used to determine its fracture strength (oy). The following two con-
ditions are assumed during the calculation of fracture strength—(i)
film behaves in an elastic manner until fracture and (ii) film rup-
tures before the decohesion failure of the interface. On the other
hand, single edged notched microcantilever is a widely used reliable
geometry for fracture toughness (K;c) measurements of free-
standing thin films and multilayers.”’™** It was shown in our previ-
ous study that microcantilever beam with a length (L) to width
(W) ratio larger than 4 ensures dominant mode I loading and mea-
surement of K;c.”' The critical load at which the cantilever frac-
tures is used to estimate the fracture toughness in systems that
display linear elastic behavior until fracture. However, the sample
preparation is time and energy intensive, usually requiring a
focused ion beam (FIB) to make the cantilever free-standing.

In this study, the fracture behavior of BaTiO; thin films is
studied in their stress-free free-standing form as well as residually
stressed form when they are attached to a flexible metallic substrate.
The former is achieved through microcantilever fracture tests and
the latter through shear lag tests. The stress-free form is deposited
on Pt-Si substrates since thicker films could be grown on them
without microcracks, while the residually stressed forms were depos-
ited on Ni substrates to enable shear lag tests. The damage tolerance
is quantified in BaTiO; films on Ni substrates using the crack
density-strain curve to determine the onset of cracking. Fracture
stress and interface stress of the BaTiO;/Ni (ceramic/metal) system
for different film thickness are estimated from in situ tensile tests uti-
lizing the strain at the onset of cracking and the mean crack spacing.
In addition, the regions of localized strain accumulation in BaTiO;
films on Ni substrates during the tests are measured by full field
digital image correlation (DIC) to determine the cracking location
and propensity.

Il. EXPERIMENTAL METHODOLOGY

A. Deposition and microstructural characterization of
BaTiOs thin films

BaTiO; target for PLD technique was made in the form of a
pellet by conventional solid state reaction process using BaCO3 and
TiO, powders. BaCO; and TiO, powders (procured from Sigma
Aldrich) were initially heated to 200°C to remove the moisture.
These were then mixed in the required stoichiometric molar ratio

ARTICLE scitation.org/journalljap

(BaCO;:TiO, = 1:1) and ground well using a mortar and a pestle.
Furthermore, ball milling was performed for 12h. The mixed
powder was then calcined at 1100 °C for 4 h to facilitate the forma-
tion of BaTiOs. The calcined powder was analyzed by x-ray diffrac-
tion (XRD) to confirm the formation of single phase tetragonal
BaTiO;. This calcined powder was again ground further and a few
drops of poly vinyl acetate were added as a binder. The mixture
was then pressed in a hydraulic press at a pressure of 200 MPa to
obtain the green pellet. Final sintering of the pellets was carried out
at 1400°C for 4h in a high temperature muffle furnace to yield
96% of the theoretical density. Phase purity of both BaTiO;
powders and the sintered pellet was confirmed by x-ray diffraction
(XRD) measurements using CuK, (4=0.154nm) radiation; all
indexed peaks corresponded to single phase BaTiOs. Lattice param-
eters and tetragonality (c/a ratio) calculated from measured XRD
peak positions of powdered and sintered BaTiO; are close to the
theoretical values (c=0.403nm, a=0.399nm and c/a=1.01).
Density of the sintered BaTiO; pellet was measured by Archimedes
principle using a water bath arrangement as per the ASTM C20-00
standard.”” The as-received Ni substrates of 300 #m thickness were
polished using different grades of SiC polishing paper (up to 2000
grit size). Final polishing was performed with diamond paste (grit
size of 0.5um). The surface roughness of Ni substrates was mea-
sured to be within 20 nm. These polished samples were ultrasoni-
cally cleaned in ethanol and isopropyl alcohol before deposition.
BaTiO; thin films were grown on Ni and Pt-Si substrates by the
PLD technique using a KrF excimer laser (Lambda Physik) of
248 nm wavelength. Similar deposition conditions were used to
grow films on both the Ni and Pt-Si substrates. A directional
plasma plume, which provides the material flux, was generated by
focusing the laser onto the surface of the target. A laser fluence of
2.5]/cm” with a laser pulse repetition rate of 3 Hz was used for
depositions. Film thickness was controlled by varying the number
of laser pulses. The substrates were mounted on a rotating holder at
a distance 4.5 cm away from the target, normal to the plume direc-
tion. During deposition, substrate temperature was maintained at
700 °C, and after deposition, different cooling steps of 1 °C/min up
to 650 °C and 3 °C/min up to 300 °C were followed, which reduced
the formation of cracks in the film. Oxygen at partial pressure of
100 mTorr was supplied inside the chamber during deposition,
which aids to obtain the required stoichiometry of the BaTiO; film.
Films of thicknesses (k) 300, 600, and 900 nm were deposited on
Ni substrates which are pre-machined to the shape of a tensile
specimen. The grip section of the specimen was masked using
pieces of silicon wafers to create a shear lag specimen.

After deposition, phase purity of the thin films was inspected
by grazing incidence (GI) XRD at an incidence angle of 0.5° using
CuK,, radiation, and the peaks corresponding to tetragonal BaTiO;
were indexed confirming the polycrystalline nature of all the films
deposited. These XRD peak positions of thin films in comparison
with stress-free powder samples were used for a first approximation
to estimate residual stresses (o,) in the films as given in Eq. (1). E
and v represent the elastic modulus and Poisson’s ratio, respec-
tively. The lattice strain measurements were carried out from the
corresponding d-spacings (represented as d, for stress-free powder
and dy for the thin films) of the powder and thin films. The tetra-
gonality of these thin films was also confirmed from Raman
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spectroscopy measurements,

_ (d—d,\[ E
=7 (), v

Elastic modulus of the film (Ef) was measured using nanoin-
dentation (Bruker TI Premier) on films of ~1-1.5um thickness
deposited on Ni and Pt-Si substrates using a diamond Berkovich
tip of 100 nm radius, through the standard Oliver-Pharr method.”®
The indentations were done at a fixed load of 5mN, reaching a
maximum depth of ~200 nm, within 10% of the film thickness.
The average surface roughness of BaTiO; films deposited on both
Pt-Si and Ni was less than 20 nm. Since the indentation depth
exceeded the surface roughness of the films by ten times, the mea-
surements were assumed to be not influenced by the same.

B. Microcantilever bending based fracture test of
free-standing film

Microcantilevers were fabricated from BaTiO; thin film
samples of ~1.5um thickness deposited on Pt-Si substrate. The
substrates were ultrasonically cleaned in ethanol before deposition.
Free-standing single edge notched microcantilevers were milled
from the nanocrystalline thin film samples using FIB (Zeiss
Auriga® Compact). The milling parameters are described elsewhere
and hence not repeated here.”* The microcantilevers were of thick-
ness (h)~1.5um, width (B)~1.5um, and beam aspect ratio
(L/h) ~ 5, with notches of notch depth ratio (a/h) of approximately
0.4 introduced at x/h ~ 1 from the fixed end of the cantilever [see
Fig. 1(a) for definition of L, h, a, and x]. The Ga ion implantation
near the notch tip was minimized by selecting the lowest possible
current of 10 pA during notching. The geometrical conditions were
selected to ensure dominant mode I loading at the crack tip.”*
Microcantilever fracture experiments were performed in situ inside
a scanning electron microscope (SEM) (Zeiss Gemini 500) using an
indenter (ASMEC—UNAT II) equipped with diamond wedge tip
10 um width by loading close to the free end of the cantilever in
displacement control mode with a displacement rate of 5nm/s.
Fracture toughness (Kjc) of the material was calculated from the
maximum load (P;) at fracture [Fig. 1(b)] and is quantified using
Egs. (2) and (3),**

o Pyt L a
Kie = g (E) @

f(ﬁ) = 31547285 (%) — 188,51 (%)2—1—202.61 (%)3 3)

C. Shear lag test of the film-substrate system

To estimate the strain to cracking (€s) and fracture strength
(o) of BaTiOs thin films deposited on Ni substrates, tensile tests
based on the shear lag model were used. The film is deposited only
on the gauge section while the grip is only of the nickel (Ni) sub-
strate, so that the load transfer occurs through the interface. In situ
tests were performed on the BaTiO5;-Ni film-substrate system in
the form of tensile shaped specimen geometry [Fig. 1(c)], using the
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microtensile testing device (Gatan Ltd.) inside a scanning electron
microscope (SEM) (Zeiss Auriga® Compact). Samples were
mounted in between the grips of the tensile module equipped with
a 5kN load cell, and pulled at a displacement rate of 0.1 mm/min.
Tensile test was interrupted in between at every 0.01 mm displace-
ment of the cross-head [Fig. 1(d)], and the corresponding SEM
images were captured at a fixed magnification, until the failure of
the Ni substrate. Three samples of each film thickness were consid-
ered for the in situ tests. Cracks perpendicular to the loading direc-
tion were observed in films during straining of the sample, and the
strain at which the first crack was observed is noted as € for the
onset of cracking. Crack densities were measured from the captured
SEM images using the line intercept method. Multiple lines of
known length were drawn on the SEM images and the numbers of
crack intercepts were counted; crack density was calculated as the
number of intercepts divided by the total length of the line. Actual
strains experienced by the film were measured using the digital
image correlation (DIC) technique (VIC 2D software) using the
captured SEM images. The microstructure morphology of the film
surface acted as markers for the DIC analysis to calculate strains.
DIC measures the actual strain in the film avoiding the machine
compliance issues in the measurement of strain from the cross-
head displacement. Fracture strength was estimated from Eq. (4)
assuming that the film is elastic until fracture,

O'f = Ef Sf. (4)

The interface shear strength of the metal ceramic interface was
estimated by the periodic cracking technique developed by Agrawal
and Raj.'” After the onset of fracture, the in-plane stresses in the
film are transferred to the interface as shear stresses near the free
edge of the crack. The cracking density reaches a plateau upon
further straining, and the maximum interface shear traction (7ss)
was determined by measuring the average crack spacing (4,,) at
crack saturation strain using Eq. (5),”"*’

3 h
Tiss =
4 lavg

O'f. (5)

lll. RESULTS AND DISCUSSION

A. Microstructure characterization of as-deposited
films

XRD characterization of all the films showed their polycrystal-
line nature without any preferred orientation. Figure 2(a) shows the
representative XRD profile for the BaTiO; films on the Pt-Si and
Ni substrates. The XRD pattern revealed the polycrystalline nature
of the films deposited on both substrates and the absence of texture
with intensity profiles being similar. The FWHM was used to
determine the grain size, which confirms their nano crystallinity
and indicates a grain size of less than 60 nm. The peak broadening
due to the nanocrystalline nature of the films camouflages the peak
splitting that is seen for a tetragonal phase. The full width at half
maximum of (110) and (111) peaks was used to estimate the grain
size of the films using the Scherrer formula.”’ This was found to be
nearly constant for all film thicknesses deposited on Ni, in the
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range of ~57 + 8 nm. Few peaks of the substrates (Ni, Si, and Pt)
were also observed in the profile, which overlap with the peaks of
BaTiOs;. Therefore, the non-overlapping (110) peak of BaTiO; was
compared in the powder and thin film samples to estimate the
residual strains present in the films. Figure 2(b) shows the compari-
son of peak positions of the (110) or (101) planes with respect to
the powder. No peak shift was observed among the thin films of
different thicknesses indicating similar strains in all the films. In
comparison to the stress-free powder sample, all of the peaks
showed a left-shift in 26, indicating a compressive in-plane residual
stress Eq. (1). The d-sin® w technique was used to estimate a com-
pressive residual stress of —550 MPa independent of the film thick-
ness. Similar magnitudes have been reported for other thin films
deposited by PVD routes in the literature.' "
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The elastic modulus values averaged over ten indents result in
an Ef= 112 £ 6 GPa (standard error) for films deposited on Ni and
Ef=107+2 GPa for films on Pt-Si which are not very different
from each other. This, along with the overlap of the XRD peaks,
indicates that the deposited films are microstructurally similar. The
elastic modulus for thin films (~112 GPa) were found to be signifi-
cantly lower than the bulk (100) single crystal value (~150 GPa)
and found to be closer to sintered polycrystalline BaTiO;
(~110 GPa).”" The difference in elastic modulus between the single
crystal and thin films could be due to the growth defects present in
the film as well as the elastic anisotropy in the material, which are
discussed later. The fact that the modulus of bulk polycrystalline
BaTiOj; is comparable to that of the thin film suggests that there is
no substrate effect playing a role.

—~
Y
~

(b)

(101) (110) *

102) (210) (201) *
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(200)(002) %
(202) (220) *
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FIG. 2. (a) GI-XRD profile of BaTiO3
thin films on Pt-Si and Ni substrates
showing their polycrystalline nature and
the absence of preferred orientation.
(b) XRD peak corresponding to BaTiO3
(110) plane of the powder sample com-
pared to all three thin film samples of
different thicknesses to determine the
peak shift and residual stress.
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B. Determination of fracture toughness of
free-standing film

Fracture toughness values of thin film samples were deter-
mined from notched microcantilever bending based fracture experi-
ments using Egs. (2) and (3). Critical loads for fracture of at least
five microcantilevers were measured from their corresponding
load-displacement curves [Fig. 1(b)]. In order to have plane strain
conditions in the sample, the minimum sample width B should be
>~350 nm according to Eq. (6). In our case, the sample width is
~1.5um, which is much beyond the minimum value. Therefore,
plane strain conditions are satisfied in the fracture experiments,

2
B=25 (&) . (6)

Oys

Post-fracture images were analyzed to identify the nature of
fracture and also to measure the exact notch depth to calculate the
fracture toughness (Fig. 3). It was evident from the linear elastic
behavior of the load displacement curve until fracture and from the
cleavage fracture features along the weak intercolumnar boundaries
that the BaTiO; films fracture in a brittle manner. There was no
crack kinking or deflection observed during fracture. The average
Kic of polycrystalline thin film BaTiO; was measured to be
0.4 + 0.03 MPay/m. This is approximately 67% less in comparison
to bulk single crystals of BaTiO3,32 which is attributed to the
columnar nature of the nanocrystalline thin films and the presence
of defects and microcracks during the deposition process in the
film. The K;c measured here is a stress-free, truly microstructure
dependent value, since the cantilever is free from the substrate and,
therefore, free from residual stresses. All the thin films shown in
this study are nanocrystalline without any texture. In case of single
crystals, Brinckmann et al. reported that elastic anisotropy has less
than 5% influence on the stress intensity factor for materials with a
moduli ratio significantly less than 3.”> In copper, the modulus
ratio between E;oy and Eg;; lies in the range 2-3, and hence the
anisotropy may have significant influence on the fracture tough-
ness.” In the tetragonal single crystal BaTiO; (100), the ratio of

500 nm

FIG. 3. Post-fracture image of the BaTiO5 thin film microcantilever showing the
brittle failure.
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E100/Eo11 is 1.29 and E;oo/Ego; is 1.06, which is well below 3.
Hence, for BaTiOs, crystal anisotropy is not expected to have a sig-
nificant influence on the fracture toughness of single crystals, nor a
cause for the difference in fracture toughness between the thin
films and the single crystal. Porosities are known to deteriorate the
fracture properties of polycrystalline ceramics, as also reported by
Gong et al.”® Hence, we believe that the difference in fracture
toughness is essentially due to microstructural growth defects and
pores in the thin films that are absent in the single crystal.

The residual stress and fracture toughness of the thin film was
used to determine the critical film thickness h. for spontaneous
delamination according to Eq. (7).”° h,, was found to be 1.1 um.
All the films deposited were lower than this and, therefore, had
good adherence with the substrate for shear lag tests,

2
hcr = ﬂ . (7)

2
Oy

C. Fracture strength and critical strain for film cracking
using shear lag tests

Analysis of strain maps obtained from DIC measurements
revealed the regions of localized strain accumulation during the
test. Cracks initiated from these regions of maximum strain accu-
mulation. Figures 4(a) and 4(b) show the strain maps plotted just
before and at the critical fracture strain values for the 300 and
900 nm thick films, respectively. The applied strain was reported as
the area average value of strains from all positions inside the
selected region. Initiation of cracks occurred from regions where
the localized strains were 35%-55% greater than the average strains
for 300 and 600 nm films, whereas the ratio was only 12% higher
for 900 nm films. However, for the 900 nm films, these points of
strain localization did not coincide with cracking and instead were
initiated from pre-existing defects, which were not in the field of
view. The critical strain at fracture determined from shear lag
experiments revealed that the thicker film (h=900nm) has low
damage tolerance compared to thinner films (h =300 and 600 nm).
More widely separated cracks were formed in the 900 nm films
[Figs. 5(a) and 5(b)], which also showed a decreased crack density
during straining. The minimum and maximum crack spacings were
found to be within a factor of 2, and hence the shear lag assump-
tion was found to be valid.'® The interface shear stress calculated
from Eq. (5) showed that thinner films have higher interfacial shear
strength compared to the 900 nm film. With increase in strain
values beyond the saturation strains, secondary cracks were gener-
ated, which connected the existing primary cracks. This led to
buckling and interface delamination [Figs. 5(a) and 5(b)] of the
films in all cases.

Figure 6(a) shows the plot of crack density vs strain for differ-
ent film thicknesses at different intervals of strain, while Fig. 6(b)
shows the distribution of crack spacing measured at saturation
strains. The crack spacing distribution was found to be narrower
for the 900 nm films, indicating the predominant role of defects in
them. Since pre-existing defect sites acted as crack initiators, there
were not many new cracks nucleated with strain and the distribu-
tion saturated very quickly. The crack opening instead was larger
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FIG. 4. SEM micrograph of the film
surface (h=300 nm) with the DIC map
(a) before and (b) at the onset of
cracking (regions marked show the
cracks developed).
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for the 900 nm films. Crack initiation was found to occur after a initiation of cracks occurs at lower strains for thicker films. With
critical value of strain, which was itself a function of the film thick- continued straining, crack density increased and reached a plateau,
ness. & was found to be ~0.8%, 0.8%, and 0.3% for the 300, 600, which is expected, as also described by Cordill and co-workers.'>'®
and 900 nm film thicknesses, respectively. This implies that the The strain at which cracks reached saturation spacing also had the

h =300 nm h =900 nm
(b)

FIG. 5. Micrographs showing the distri-
bution of cracks on the fim surface
after saturation strain and at the final
stage of deformation where interface
delamination and buckling occurred, for
(@) 300 and (b) 900nm film
thicknesses.
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same trend, with €,,, ~ 3.4%, 3.8%, and 1.4% for the films of thick-
ness 300, 600, and 900 nm, respectively. These strains were higher
and represented the point at which the Ni substrate had undergone
substantial plastic deformation. For a particular value of strain, the
measured crack density was found to be lower for thicker films at
crack saturation, and the saturation crack spacing higher. On the
other hand, the crack opening width was larger for the thick films
as compared to thinner films [Fig. 6(b)]. The measured values of
crack density, initiation fracture strain, crack saturation strain, frac-
ture strength, and crack spacing distribution for all the films are
listed in Table I. The tensile fracture strength for the BaTiO; nano-
crystalline films was found to be one order higher than the fracture
strength of the BaTiO; polycrystalline bulk counterpart, which was
reported to be in the range of 40-80 MPa.”” One contributing factor
could be the presence of compressive residual stresses in them.
However, in comparison with the failure strength in compression of
BaTiO; micropillars on single crystals where the failure strength
value ranges from 1 to 5 GPa for different specimen sizes, the thin
films failed at lower stresses.””® To the best of our knowledge, this is
the first study to additionally report interface shear strengths for
BaTiO; thin films on metallic substrates (Table T). Interface shear
strengths, of the order of 0.23-0.43 GPa, were observed for 300 and
600 nm films, respectively, which is considerably lower than those
reported for other metal ceramic interfaces (~1.5GPa)."”" The
900nm films showed a much lower interface strength of about
0.12 GPa. Due to the similar range of fracture strengths and satura-
tion crack spacings for the 300 and 600 nm films, the interface shear
strength was nearly double in the 600 nm film, since it scales propor-
tional to the film thickness as given in Eq. (5).

The critical flaw size (a,,;,) to initiate cracking (Table T) was
determined [Eq. (8)] from the measured values of thin film fracture

Saturation crack spacing (um)

toughness, and the fracture stresses. Note that Kjc is determined
from the microcantilever beams and the fracture strength is from
the shear lag experiments,

2
Amin = l (&> . (8)

T O'f

Critical flaw size calculated using Eq. (8) shows an increase
with increase in film thickness, indicative of the accumulation of
defects during the growth. The critical flaw size (in the form of
microcracks and porosities) was estimated to be ~70 nm for the
300 and 600 nm thick films while it was estimated to be ~400 nm
for the 900 nm thick films. Such large defects were indeed detected
on the surface of the 900 nm thick films, leading to the early onset
of failure and lower damage tolerance. While the residual stress is
measured to be the same for all the film thicknesses studied, the
fracture strength turns out to be different, indicative of the increas-
ingly larger growth defects with increasing thickness. The fracture
strength reported in Table T includes the residual stress in the film
as well. The origin and type of growth defects are a function of
multiple variables during the deposition process.” Detailed discus-
sion on the defect formation is not included here since it is beyond
the scope of this work. The maximum defect size is typically
limited by the film thickness.”’ In our study, the maximum flaw
size calculated is well within the film thickness for each case. The
residual stresses being a constant for all the films, and compressive
in nature, cannot be responsible for the difference in flaw size as a
function of film thickness. Thus, the reduced damage tolerance of
thicker films can be attributed to growth defects that occur during
the deposition process and suggest that minimizing them can help
improve the fracture resistance of these films.

TABLE I. Summary of the results measured from the shear lag tests (error bars represent standard error of mean from three samples).

Fracture
Film thickness,  Critical fracture strength, oy Crack saturation Saturation crack Interface shear Critical flaw
h (nm) strain, € (%) (GPa) strain, €,,, (%) spacing, A (um) stress, 7;ss (GPa) size, d,i, (NM)
300 0.8 £0.04 0.95+0.05 34+0.1 3.0+£0.2 0.23+£0.04 70+ 8
600 0.8 +0.01 0.93+0.01 3.8+1.0 2.8+0.02 0.44 +0.01 70+ 1
900 0.3+£0.02 0.40 £0.02 14+04 69+1.5 0.13+0.03 389 +51
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To summarize, it is shown that multi-scale in situ microme-
chanical characterization tools are needed to quantify the damage
tolerance of ferroelectric thin films, an essential component of their
application in service. Such shear lag tests can be further extended
to mechanical and thermal fatigue cycles to determine the impact
of film thickness on fatigue failure. Thin film engineers should con-
sider the changes in mechanical performance as a function of film
thickness while designing strategies for their deployment in devices
at minjature length scales.

IV. CONCLUSION

Barium titanate thin films of different thickness (h =300, 600,
and 900 nm) were deposited on Ni substrates using pulsed laser
deposition, and their fracture behavior was studied in free-standing
and attached forms. Microstructural characterization, grain size,
and residual stress measurement revealed the nanocrystalline
nature and the presence of significant compressive residual stresses
in all the films, with magnitudes being similar independent of the
film thickness. Fracture toughness value of 0.4 MPa\/m was mea-
sured for the free-standing thin films from the microcantilever
bend tests, which was found to be 67% lower than single crystal
fracture toughness. However, the fracture behavior of these BaTiO;
thin films attached to the substrate tested using in situ shear lag
tests did show a thickness dependence. Full field strain maps were
used to detect the initiation of cracks perpendicular to the loading
direction. Critical strain for the onset of cracking was found to
decrease with increasing film thickness, with 0.8% and 0.3% for the
film thickness of 300 and 900 nm, respectively. Thin films up to
600 nm thickness possessed 130% higher damage tolerance in
terms of fracture strength compared to thick films of 900 nm thick-
ness, the latter initiating cracks at the defect features present in
them. Crack density increased on further straining and reached sat-
uration, beyond which the film delaminated at the interface due to
incompatibility of strains with the plastically deforming metallic
substrate. The fracture strength and fracture toughness measure-
ments were combined to estimate a flaw size of less than 70 nm in
the 300 and 600 nm films and a flaw size of 400 nm in the 900 nm
films, which thereby reduced the damage tolerance as the cracks
initiated from these flaws. Therefore, it was shown that strong,
adherent BaTiO; films can be grown up to 600 nm thickness with
sufficient damage tolerance.
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