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Abstract. We have investigated elastic and fracture properties of amorphous Al2O3 thin films 
deposited by atomic layer deposition (ALD) with bulge test technique using a free-standing thin 
film membrane and extended applicability of bulge test technique. Elastic modulus was 
determined to be 115 GPa for a 50-nm thick film and 170 GPa for a 15-nm thick film. Residual 
stress was 142 MPa in the 50-nm Al2O3 film while it was 116 MPa in the 15-nm Al2O3 film. 
Density was 3.11 g/cm3 for the 50-nm film and 3.28 g/cm3 for the 15-nm film. Fracture strength 
at 100 hPa/s pressure ramp rate was 1.72 GPa for the 50-nm film while for the 15-nm film it 
was 4.21 GPa, almost 2.5-fold. Fracture strength was observed to be positively strain-rate 
dependent. Weibull moduli of these films were very high being around 50. The effective volume 
of a circular film in bulge test was determined from a FEM model enabling future comparison 
of fracture strength data between different techniques. 

1. Introduction 
Designing and modelling microelectromechanical system (MEMS) devices require information about 
thin film material properties, as opposed to bulk material properties. Preferably, these properties are 
measured from test specimens that resemble the actual devices, by methods that mimic the actual 
operating environment. Sample processing for instance may alter the material properties significantly 
[1]. Scale dependency of material properties is well known and usually taken into account. Strain-rate 
dependent fracture strength demonstrates yet another peculiarity for the material testing: the specimen 
might withstand high strain-rate shocks, but rupture unexpectedly when subject to a low strain-rate. 



FEM-modelling can be used to predict the mechanical behavior of a MEMS device at the design stage 
if the proper material properties are used. These models, however, cannot usually predict the failure of 
the device, which is why experimental data on the fracture properties is important. 
Bulge test [2–6] is a suitable method to measure thin film elastic properties such as elastic modulus, 
residual stress and fracture strength. In a bulge test, a free-standing membrane that is fixed from the 
edges is loaded from one side by a fluid. This type of testing resembles the operating environment of 
many membrane devices like pressure sensors, microphones, x-ray windows, thermopile detectors and 
microhotplates. 
Atomic layer deposition (ALD) has been established as the deposition method for applications, which 
require uniform and precise layer thicknesses. ALD films can be continuous and pin-hole free already 
at one nanometer thickness [7]. Al2O3 is the most commonly applied ALD film and it is used as a model 
case for ALD film growth [8, 9]. Still, there is room to improve in the understanding of its mechanical 
properties. Ylivaara et al. reported [10] a thorough investigation on the elastic properties of ALD Al2O3 
measuring elastic modulus, hardness and residual stress for a wide range of film thicknesses and growth 
temperatures. Gaskins et al. also recently reviewed mechanical properties of ALD Al2O3 among other 
properties [11]. Elastic modulus of ALD Al2O3 is in the range of 140–180 GPa for films deposited in 
temperatures from 100–300 °C [10, 11]. Spread in the elastic modulus is mostly associated with density 
of the deposited films. Films with lower density have smaller elastic modulus. Especially with lower 
deposition temperatures, a clear drop in the density and elastic modulus is observed corresponding with 
increase in hydrogen content in the films [10]. All as-deposited ALD Al2O3 films in this temperature 
range have resulted in amorphous microstructure. The elastic modulus of ALD Al2O3 is comparable to 
amorphous Al2O3 obtained with other methods such as sputtering [12, 13] and evaporation [14]. 
Consistently it has been observed that the elastic modulus of amorphous Al2O3 is less than a half of the 
elastic modulus for bulk crystalline Al2O3 (450 GPa single crystalline α-Al2O3 [14], 415 GPa 
polycrystalline α-Al2O3 [15]). Even though these studies have been quite thorough, fracture properties 
of amorphous ALD Al2O3 have been studied only on few occasions [5, 6, 16, 17]. On polymer 
substrates, Jen et al. [17] observed increase in critical strains for onset of film cracking with decreasing 
film thicknesses. Critical tensile strains increased from 0.5 % at 80 nm film thickness to 2.4 % at 5 nm. 
We previously determined with bulge test method the fracture strength of 70 nm thick ALD Al2O3 
membranes to be 2.25–3 GPa [5, 6]. However, we have not studied scale nor scale nor strain-rate 
dependency of the elastic and fracture properties. In this research, the elastic and fracture properties of 
free-standing ALD Al2O3 thin films of two different thicknesses (15 and 50 nm) is measured with the 
bulge test using two different loading schemes (constant pressure ramp-up rate and stepwise pressure 
increase). As a result, strain-rate dependent fracture strength is observed. 



2. Methods 
2.1. Sample fabrication 
Free-standing circular membranes (diaphragm) of 400-µm diameter on 7x7-mm2 chips were fabricated 
on 100-mm double-side polished (100) silicon wafers by ALD Al2O3 deposition, lithography, wet 
etching in buffered hydrofluoric acid (BHF) and deep reactive ion etching (DRIE). Al2O3 was deposited 
simultaneously on both sides of the silicon wafer from trimethylaluminum (AlMe3) and H2O in Beneq 
TFS500 reactor at 300 °C temperature and 1 hPa pressure. The precursors were kept at a room 
temperature and vapor drawn into the reactor. Target thicknesses were 15 and 50 nm and the number 
of deposition cycles 150 and 500, respectively. One cycle consists of 0.2 s AlMe3 pulse, followed by 
1 s wait time after closing pulsing valve and 1 s purge with N2, and 0.2 s H2O pulse, followed by 0.75 s 
wait time and 1 s purge. Thickness was measured after deposition by Plasmos SD2300 HeNe single 
wavelength ellipsometer and later verified by x-ray reflection (XRR). Density of the layers was 
determined from the XRR using a Rigaku Smartlab X-ray diffractometer. After the Al2O3 deposition, 
the wafer front side was protected with a resist and a lithography on the backside determined the 400-
µm diameter holes and the 100-µm wide dicing lines. The Al2O3 on the backside was etched in buffered 
hydrofluoric acid (BHF) at a room temperature after which all resist was stripped. The sample wafer 
was glued to a carrier wafer using photoresist to prevent chip detachment when the through-wafer 
etching was complete. The DRIE etching was done with a Bosch process in a STS ASE tool with a SF6 
and O2 etching chemistry and a C4F8 passivation chemistry using the Al2O3 as a hard mask. The 
selectivity between Al2O3 and Si has been measured to be 1:100000 in a Bosch process [18]. Finally, 
the separated chips were detached from the carrier wafer in acetone and cleaned with oxygen plasma. 
2.2. Bulge testing 
Bulge testing was performed using two different set-ups. The first bulge test set-up had a scanning white 
light interferometer (SWLI) allowing measurement of the displacement as a function of the pressure. A 
more detailed description of the custom-built SWLI can be found in ref. [19] and about the bulge setup 
in ref. [5]. This set-up was used to measure the pressure-displacement curves from which the elastic 
modulus and the residual stress was determined. The pressure was increased stepwise by manually 
adjusting pressure regulator (Aga 600B 7P) attached to the argon bottle. Displacement of the membrane 
was measured with SWLI only when the pressure in the gas lines had saturated. The pressure was 
measured using a precision digital pressure manometer (Huber Instrumente HM35) attached to the gas 
line and applied to the chip from the backside. 
The samples were attached to blocks of polydimethylsiloxane (PDMS) (Sylgard 184) which had a hole 
punched through to apply pressure. The attachment was done by applying uncured PDMS around the 
edges of the membrane chip. Following this, the samples were cured in an oven at 60 °C for 30 minutes. 
The PDMS on top and underneath of the membrane chip ensured pressure tight clamping with the 
aluminum holder.  



The elastic modulus, E, and the residual stress, σ0, were extracted from the pressure-displacement curve 
by fitting an analytical expression for the pressure P as a function of the membrane deflection, d,  
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to the pressure-displacement curve [20]. In the equation (1) h is the membrane thickness, a is the 
membrane diameter and v is the Poisson’s ratio, which is assumed to be 0.24 for amorphous Al2O3 
[21, 22]. The coefficients 𝐶1 = 4, 𝐶2 = 2.67 and 𝑓(𝑣) = (1.026 + 0.233𝑣)−1  were determined from 
FEM results by Pan et al. [20] for circular films. 
The second bulge test set-up was used to measure the fracture strength. It had a computer controlled 
pressure regulator enabling programmed ramp rates. In the measurements, the pressure was applied 
from the top and a 100 hPa/s ramp rate was used until a fracture was observed. 30–35 membranes of 
both thicknesses were measured to reach statistically significant sample size [23, 24].  
According to Beams [2], the stress, σ, at the top of a bulge that is shaped as a hemispherical cap can be 
approximated with a relation 
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and the strain, ε,  with 
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The total stress can also be described with the Hooke’s law relating the stress due to the stretching and 
the initial stress as 
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By solving (2) for the membrane deflection d, substituting it into (3) and finally inserting into (4) yields 
a third degree polynomial 
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from which the total stress can be solved by finding the real root.  
Similarly, an equation for the strain can be obtained by solving (3) for the d, substituting it into (2) and 
inserting into (4). This yields 
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The residual stress terms in (5) and (6) become significant at small deflections or large residual stresses. 
A tensile residual stress gives the membrane flexural rigidity, which the thin membrane would otherwise 
lack. 
Fracture strength, σf, is calculated from the rupture pressure, Pmax, by using the equation (5). Weibull 
analysis is performed for the fracture strength data. Cumulative distribution function of a multimodal 
Weibull distribution is described as a weighted sum of individual distributions [25] 
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where pi is the portion of components in a subpopulation i (for unimodal distribution (𝑆 = 1), 𝑝1 = 1), 
m is a shape parameter known as the Weibull modulus and σθ characteristic strength corresponding to 
the stress level with a 63.2 % probability of failure. The characteristic strength is related to the Weibull 
material scale parameter σ0, which has units GPa∙(𝑚3)1/mV, by the expression  
 𝜎𝜃 = 𝜎0𝑉𝑒𝑓𝑓

−1 𝑚𝑉⁄
 [23]. (8) 

Veff is the effective volume, which for a uniaxial tension equals the sample volume V and for other 
loading configurations is less than V. The Veff can be calculated from  
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 [23]. (9) 
Either a unimodal (𝑆 = 1) or a bimodal (𝑆 = 2) Weibull distribution is used to extract the performance 
data.  The bimodal distribution reduces from 6- to 5-parameter distribution from the fact that 𝑝2 = 1 −

𝑝1. The bimodal Weibull distribution takes into account two separate subpopulations of defects 
resulting in the failure. The existence of two or more different subpopulations is evident if the fracture 
strength data in the Weibull plot does not fall into a straight line. Distribution fitting is performed in the 
Matlab® using the maximum likelihood estimate (MLE) method.  
Mean σM of the Weibull distribution is given by  
 

𝜎𝑀 = 𝜎𝜃 [Γ (1 +
1

𝑚
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where Γ(𝑥) is the gamma function. Standard deviation is given by 
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2.3. Modeling 
Free-standing ALD membranes were modeled with the finite element method (FEM) using a Comsol 
Multiphysics software. We used a structural mechanical model with an axisymmetric geometry and a 
stationary solver. Circular 50-nm thick and 450-µm diameter membrane was modelled as an ideal case. 



In the model, silicon (Si) chip has also a circular shape because of the axisymmetric geometry. A three-
dimensional model with a real square shape silicon chip is also possible, but axisymmetric geometry 
has a denser calculation mesh, which produces results that are more accurate. The chip size is 
significantly larger than the membrane size so the chip can be approximated as circular. The calculation 
mesh for the 50-nm thick film used for effective volume calculations consisted of 500000 square 5x5-
nm elements. The FEM model used Al2O3 density of 3100 kg/m3, elastic modulus of 112 GPa and 
residual stress of 127 MPa for the 50-nm thick membrane. The material parameters of the Si part were 
from the Comsol’s material library for an isotropic single crystal Si: density 2329 kg/m3, elastic 
modulus 170 GPa and Poisson’s ratio 0.28.  
In order to validate experimental results circular 450-µm diameter Al2O3 membranes were modelled 
with 48.1 and 14.8 nm thickness. The 48.1-nm and the 14.8-nm membranes calculation mesh contained 
20000 and 50000 elements, respectively. The FEM model used the densities measured with XRR for 
48.1-nm thick film and 14.8-nm thick membrane, and the elastic modulus and the residual stress 
calculated from experimental results. The stress and deflection were modeled in a pressure range from 
50–1000 hPa. 
3. Results 
3.1. Sample fabrication 
Thickness and density of the Al2O3 film was measured by XRR. The thickness was 48.1±1 nm for 
500 cycles and 14.8±1 nm for 150 cycles. This corresponds to growth per cycle of 0.97 Å, which is in 
accordance with literature [10]. The density was 3.11±0.1 g/cm3 for 48.1-nm thick film and 3.28±0.1 
g/cm3 14.8-nm thick film. Density for ALD Al2O3 grown at 300 °C is commonly observed to be around 
3.1–3.2 g/cm3 [10, 26]. Uniformity was better than ±1 nm as determined by ellipsometer from five 
points across the wafer.  
Diameter of the window opening was much larger than the design value of 400 µm. This resulted from 
widening in the DRIE through-wafer etch step. The actual diameter of each membrane was measured 
individually from optical microscope images and the resulting values were used in the calculations. The 
diameters varied from 438–508 µm for 48.1-nm thick membranes and 428–460 µm for 14.8-nm 
membranes. The reason for the widening of the hole from the diameter defined by the lithography and 
the spread in the diameters are due to a combination of negative tapering of the side walls, non-
uniformity in the etch rate and notching effect [27].  
3.2. Elastic modulus and residual stress 
In order to determine the elastic modulus and the residual stress, the deflection was measured with a 
SWLI as a function of the applied pressure. The whole membrane area was scanned and the silicon 
surface was kept as the reference surface for the deflection. This eliminates the possible bulging of the 
sample holder. The measurement was performed with discrete pressure steps because each SWLI scan 



took a few minutes. Before each scan, the pressure and the deflection were allowed to stabilize. Figure 1 
shows the pressure-deflection behavior of a 48.1-nm thick Al2O3 membrane measured three times. In 
the first and the second run, the pressure was released prior to the film rupture. The overlapping pressure 
deflection data for the subsequent measurements demonstrate that the deformation is fully elastic. This 
also means that no delamination of the film occurred. The film was driven to rupture on the third 
loading. For the 48.1-nm thick membranes the rupture occurred in a 470–570 hPa range whereas for 
14.8-nm thick membranes in a 190–390 hPa range.  

 
Figure 1. Pressure-deflection behavior on three successive loadings of 48.1-nm thick 450-µm diameter 
Al2O3 membrane. Fitting of the Eq. (1) yielded values of 115 GPa for E and 151 MPa for σ0. The results 
from a FEM model using the extracted values are shown for comparison. 
Fitting of the equation (1) into the pressure-deflection data (shown for a single sample in figure 1) 
yielded average value of 115±3 GPa for E and 142±22 MPa for σ0 for the 48.1-nm thick Al2O3 films. 
For the 14.8-nm thick Al2O3 films average value of 177±5 GPa for E and 116±20 MPa for σ0 were 
obtained. The elastic modulus of 48.1-nm thick film is low compared to literature whereas the elastic 
modulus of the thinner film compares well with literature value of 165–180 GPa for films deposited at 
300 °C [10]. The magnitude of residual stress is slightly lower compared to literature value of 180 MPa 
[10]. It seems that the elastic modulus increases as the thickness decreases, while the residual stress 
remains unchanged. However, it was also noticed that the 48.1-nm film had a slightly lower density 
compared to the 14.8-nm film and the lower elastic modulus could be related to the lower film density.  
3.3. Fracture strength 
With a constant pressure ramp rate, the strain rate is not constant. Instead, the strain rate decreases non-
linearly as shown in figure 2. The strain rate is calculated by differentiating strain calculated with 
equation (6) for time for a 100 hPa/s ramp rate. The strain rate is on the order of 10-3 to 10-4 s-1, which 
is typical for tensile tests [28]. 



 Figure 2. The strain and the strain rate at a 100 hPa/s ramp rate for a 450-µm diameter membrane.  
The average rupture pressure was 1750±190 hPa for the 48.1-nm thick membranes and 1810±90 hPa 
for the 14.8-nm thick membranes at a 100 hPa/s pressure ramp rate. These are significantly higher 
values than what we observed for the samples in the stepwise pressure ramp test (470–570 hPa and 
190–390 hPa for 48.1-nm and 14.8-nm thick membranes, respectively). It seems also that at a higher 
pressure ramp rate, the thinner membranes are relatively more pressure tolerant than the thicker 
membranes, which is the opposite to what was observed when measuring the pressure-deflection curves 
at discrete pressure steps. The rupture pressures correspond to critical strain of 1 % and 1.8 % according 
to equation (6) for 48.1-nm and 14.8-nm thick films respectively, which is in close agreement with 
critical tensile strains for onset of cracking observed on polymer substrates [17]. 
Fracture strength was calculated from the rupture pressure according to the equation (5) and fitted into 
the Weibull distribution in the equation (7). Figure 3 shows the Weibull probability plots for the 48.1-
nm thick and the 14.8-nm thick Al2O3 membranes. The 48.1-nm thick membranes had a clear shoulder 
on the Weibull probability plot in dictating that a bimodal Weibull distribution would better describe 
the data set. Bimodality in the fracture strength indicates that a single population of defects is not 
responsible for all the failures [23, 24]. Here the subpopulation with a lower fracture strength is thought 
to consist of surface defects originating from the fabrication process. The 14.8-nm thick membranes 
had only one outlier and a unimodal Weibull distribution described it the best. The mean and the 
standard deviation were calculated from the equations (10) and (11) respectively. The mean fracture 
strength for 48.1-nm thick Al2O3 membranes was 1.72±0.04 GPa and for 14.8-nm thick membranes 
4.21±0.10 GPa. Previously we observed fracture strength of 3.1 GPa for 75 nm thick Al2O3 membranes 
[6]. However, the Weibull modulus, m, for the 75 nm thick Al2O3 membranes was only 15 whereas we 
now observe m around 50 for both 14.8 and 48.1 nm thick Al2O3 membranes. 



 
Figure 3. Weibull probability plots for the 48.1-nm (a)) and 14.8-nm thick (b)) Al2O3 membranes. The 
Weibull probability function was fitted with two subpopulations on the left and with a single 
subpopulation on the right.  
The effective volume of a bulge test was calculated according to the equation (9) from the stress field 
obtained from a FEM model. When calculating the effective volume, the stress maximum was assumed 
to occur at the center of the membrane. The stress field was cut off 1 µm before Si edge to remove stress 
artefacts from the film/silicon interface (see section 3.4. for more details).  The effective volume varies 
only as a function of the Weibull modulus for a given loading geometry. Figure 4 shows the ratio 𝑉𝑒𝑓𝑓/𝑉 
as a function of Weibull modulus m. The fitting follows  
 𝑉

𝑉𝑒𝑓𝑓
=

15

√𝑚2 + 92𝑚 + 179
, (12) 

from which it is possible to calculate the effective volume in a bulge test at any value of m for a circular 
membrane.  

 
Figure 4. The ratio of the effective volume to the volume as a function of the Weibull modulus for the 
bulge test of circular membrane.  



From the effective volume, the Weibull modulus and the characteristic strength, extraction of the 
Weibull material scale parameter σ0 is possible according to the equation (8). For the 48.1-nm thick 
films σ01 is 0.87 GPa∙(m3)(1/49) and for the 14.8-nm thick films 2.23 GPa∙(m3)(1/55). 
3.4. Modeling 
The highest stress values were calculated to locate at the edge of the free-standing membrane, where 
the bulk silicon is removed by the DRIE etching. In Figure 5, a 50-nm membrane with a 225-µm radius 
is loaded by 500-hPa differential pressure. The maximum stress value is 5.17 GPa at the edge of the 
film and 5.41 GPa on the silicon, whereas in the middle of the membrane the stress value was only 
0.79 GPa at the same pressure level. The stress maximum at the edge is likely an artefact from the edge 
constraints in the model and is strongly dependent on the mesh size. A finer mesh, as seen in figure 5, 
pinpoints the stress maximum to the interface between the Si and the Al2O3 film. A general assumption 
is that the stress maximum of the film occurs in the middle of the membrane and that the fracture occurs 
there. The ultimate tensile strength was calculated by us as the maximum tensile stress at the center of 
the membrane at the pressure when the film ruptured. The stress and the deflection of the 48.1-nm and 
14.8-nm thick membrane at a 1000-hPa differential pressure are shown in figure 6.  

 
Figure 5. The calculation mesh used in the FEM model (a)) and the stress at the edge of a circular 
membrane loaded with a 500-hPa differential pressure (b)). 



  
Figure 6. The stress and the deflection of a 48.1-nm and a 14.8-nm thick membrane at a 1000-hPa 
pressure differential over the membrane.  
4. Discussion 
The mechanical properties of the Al2O3 membranes that we measured are comparable to what has been 
previously measured [5, 6, 10, 29]. The elastic modulus of our 48.1-nm thick film is low, but there is a 
noticeable increase in the elastic modulus for the thinner film. The thinner film’s elastic modulus is 
similar (177 GPa vs. 165–175 GPa) to what was measured with nanoindentation and laser-generated 
surface acoustic waves (LSAW) by Ylivaara et al. [10] for films grown at 300 °C. Ylivaara et al. did 
not notice an increase in elastic modulus with a decreasing film thickness nor a difference in the 
densities of films of different thickness. The density of the 48.1-nm thick film is similar to Ylivaara et 
al. results (3.11 g/cm3), but our thinner film appears more dense (3.28 g/cm3). This might also explain 
the difference in elastic modulus and fracture strength between the films. Previously it has been 
observed that less dense films have lower elastic modulus [10, 11]. However, it is not known why the 
thinner film is denser. It could be that the hydrogen content in the films is different as it is associated 



with density [10]. The difference could come from some variation in the process conditions. However, 
no abnormalities were observed during deposition. 
The residual stress of our films was slightly lower (120–140 MPa vs. 180 MPa) than what Ylivaara et 
al. [10] observed for films deposited at 300 °C. However, Ylivaara et al. calculated the film stress from 
the wafer curvature, which describes approximately the average stress over the wafer whereas the bulge 
test is a more localized method. In addition, when the film is released some stress relaxation might 
occur. The difference between the residual stress values for our 14.8-nm and 48.1-nm thick films is 
within the error margins and there appears to be no thickness dependence on the residual stress, which 
is in accordance to previous studies [10].  
The mean fracture strength for the 48.1-nm thick membranes was lower than what we reported 
previously in [6] for 75-nm thick membranes (1.5 GPa vs. 3.1 GPa), even though smaller volumes 
should result in a higher fracture strength. Both of the films were deposited at 300 °C, although on a 
different ALD tool, and measured with the same pressure ramp rate. However, the films in [6] had a 
higher elastic modulus than our 48.1-nm thick film. If we calculate the mean fracture strength for a 75-
nm thick and 400-µm diameter membrane using the equation (8) and the material parameters obtained 
for our 14.8-nm thick film, we reach an expected mean fracture strength of 4.1 GPa. This value is higher 
than obtained in [6] and not much different from the fracture strength of our 14.8-nm film because of 
the very high Weibull modulus measured for our films. Weibull moduli that we have now measured for 
both 48.1-nm and 14.8-nm thick films are much higher than what was measured previously for 75-nm 
films (49 and 55 versus 15)[6].  
The pressure tolerance and the increase of the fracture strength for the thinner membranes are 
noticeable. The 14.8-nm thick membranes withstood similar pressures as the 48.1-nm thick membranes 
when the pressure ramp rate was 100 mbar/s, leading to the very high fracture strength values. However, 
when the pressure ramp was performed incrementally the pressure tolerance decreased. In our pressure-
deflection data, a single measurement took tens of minutes as the pressure was increased incrementally 
and a SWLI scan was performed only when the deflection and the pressure had stabilized. This led to a 
film rupture already below 600 hPa for the 48.1-nm thick membranes and below 400 hPa for the 14.8-
nm thick membranes. Positive dependency of fracture strength on the strain rate has been reported in 
literature for amorphous silica glass in molecular dynamics models [30, 31] and experimentally 
[32, 33]. It is possible that The huge difference in the fracture strength that we have observed is 
significant and affects the applicability of the aluminum oxide films in MEMS devices.  
5. Conclusions 
Bulge test is a valid method to determine the mechanical and the fracture properties for free-standing 
thin films. The ratio of effective volume to volume was determined for circular films in the bulge test 



as a function of Weibull modulus, which enables deduction of the Weibull material scale parameter and 
comparison of the fracture strength data to data measured with other methods.  
Further research is required to understand the origin of fracture. Such a test could be made for example 
by using a high-speed camera to monitor the film deflection and breakage. The FEM-model pinpoints 
the maximum stress to the film/substrate interface, which constitute below 0.1 % of the membrane 
volume. If this stress is true and the film fracture initiates from the boundary, all the fracture strength 
measurements done so far are invalid as the film rupture and the maximum stress have been assumed 
to locate at the center of the film. 
The fracture strength of amorphous Al2O3 thin films is observed to be positively strain-rate dependent. 
However, further experiments are required to understand the extent of the strain-rate dependency and 
the mechanism for strain-rate sensitivity. 
The applicability of amorphous Al2O3 films in MEMS devices is still limited by the lack of 
understanding in the elastic and the fracture properties. Deeper understanding is required in order to 
design reliable devices. 
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