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The fracture strength of Al,O3 membranes deposited by atomic layer deposition at 110, 150, 200,
and 300 °C was investigated. The fracture strength was found to be in the range of 2.25-3.00 GPa
using Weibull statistics and nearly constant as a function of deposition temperature. This strength
is superior to common microelectromechanical systems materials such as diamondlike carbon,
Si0O,, or SiC. As-deposited membranes sustained high cycling pressure loads >10 bar/s without
fracture. Films featured, however, significant reduction in the resistance to failure after annealing

(800 °C) or high humidity (95%, 60 °C) treatments. © 2014 American Vacuum Society.

[http://dx.doi.org/10.1116/1.4893769]

I. INTRODUCTION

Thin films produced by atomic layer deposition (ALD)
have attracted great attention. Due to their excellent proper-
ties, ALD films have very good conformality and uniformity,
and they can be deposited on various three dimensional sub-
strates. ALD films have been applied in biomedical, optical,
electronic devices, etc.' ALD films are widely used in micro-
and nanoelectromechanical systems (MEMS/NEMS): for
instance, as antistiction, wear resistant, or other functional
layers.>”' MEMS/NEMS consist of moving parts with me-
chanical functions, where fracture strength (resistance to
failure) and durability are important parameters. Moreover,
moisture and temperatures can influence to the fracture
strength, and therefore, this influence must be analyzed and
understood prior to device fabrication. Failure characteriza-
tion of nanometer-thick films is challenging: besides com-
plex sample preparation steps, analysis may require an
additional modeling. Bulge technique is a straightforward
and simple mechanical test, which produces fracture strength
values for thin films."'™'> Fracture toughness testing is more
demanding and requires patterning of initial crack with
nanometer size and shape control (by, e.g., focused ion
beam).15

In this paper, the fracture bulge technique with free-
standing ALD Al,O3; membranes deposited at 110, 150, 200,
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and 300°C (70-75nm thick) was conducted. ALD Al,O3
films with excellent mechanical stability and high robustness
are demonstrated. In addition to the experiments on effect of
humidity and annealing on strength, we carried out high
speed pressure cycling tests on membranes. These conditions
were selected as ones which could be during MEMS/NEMS
sensors operations, for example, in space or automotive
applications.'®!” These sensors should reliably operate
during outgassing of moisture or temperature drifts without
device disruption.'® Another example of MEMS is micro-
heaters and microhotplates, which operate at significantly
high temperatures (up to 1000 °C)."*° It is therefore impor-
tant to evaluate the change in fracture strength of thin films
after heating or moisture treatments.

Il. EXPERIMENT

ALD Al,O; films were deposited in a top-flow Picosun™
R-150 ALD reactor. Precursors were trimethylaluminum
(electronic grade Me;Al, SAFC Hitech) and deionized water.
Me;Al precursor was cooled with a Peltier element to about
17°C and water was used at a room temperature without
cooling.?! Nitrogen (purity > 99.999%) was used both as a
purge gas and for flushing the reactant lines with a constant
200 sccm flow. Precursor dose and purge times were 0.1 and
4.0 s, respectively, for films deposited at 110°C to 200°C
and 0.1 and 1.0 s for film deposited at 300 °C. The number
of ALD cycles was 962, 853, 778, and 756 for 110, 150,

© 2014 American Vacuum Society 01A106-1


http://dx.doi.org/10.1116/1.4893769
http://dx.doi.org/10.1116/1.4893769
http://dx.doi.org/10.1116/1.4893769
mailto:maria.berdova@aalto.fi
http://crossmark.crossref.org/dialog/?doi=10.1116/1.4893769&domain=pdf&date_stamp=2014-08-25

01A106-2 Berdova et al.: Fracture properties of ALD aluminum oxide free-standing membranes

200, and 300 °C, respectively. Film thicknesses were meas-
ured with SCI FilmTek 2000 M spectroscopic reflectometer
using 25-point automated measurement. Dispersion of the
refractive index for the Al,O5; deposited at 300°C (5000
cycles) was used as a standard model for the measurement
recipe. The targeted film thickness was 75 nm, and the meas-
ured film thickness was in the range of 73 = 2 nm.

After the deposition of the ALD films on double side
polished silicon substrate [Fig. 1(a)], the back side was pat-
terned employing laser lithography (Microtech LW405)
and wet etching of Al,O; in buffered hydrofluoric acid
(BHF) for 1 min at 31°C [Fig. 1(b)], while the top side
Al,O5 was protected by standard photoresist to avoid etch-
ing of test structures. The patterned Al,O3; from the back
side acted as an etch mask for deep reactive ion etching
(DRIE) since the etch selectivity of silicon to Al,O5 is 66
000:1,%* and Al,O5 from the top side acted as an etch stop
layer. Finally, membranes (400 um in radius) were released
by DRIE Bosch process [Fig. 1(b)] utilizing SFg, O, and
C4Fg gases (STS Advanced Silicon Etch). Additionally,
each chip (7mm?) with a test structure was defined by pat-
terning line borders to avoid dicing [Fig. 1(c)]. The fabrica-
tion of free-standing membranes was reported in detail
elsewhere.'*

After sample fabrication, some membranes underwent
annealing (PEO-601) at 800 °C for 15 min in nitrogen ambi-
ent, while others were kept in an environmental chamber
with constant relative humidity (RH) of 95% at 60 °C for 18
h (around 15 samples per each deposition temperature for
every treatment).

Due to the fact that crystalline Al,O3 has different elastic
properties from amorphous films,”® and crystallization can
start at annealing temperatures about 750-800 °C,?* annealed
Al,O3 films were analyzed for crystallinity using grazing-
incidence x-ray diffraction (GIXRD) method.

In the bulge testing, thin film breakage was brought
about by applying overpressure to membrane from the top
side [Fig. 1(d)]. The differential pressure (compressed air)
was gradually increased by 100 mbar/s until membrane rup-
ture. Maximum available differential pressure was 3500
mbar. The breakage pressure was recorded by measurement

(a) Al203

Si substrate

Al2O3

(b)
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software. In addition, as-deposited membranes were sub-
jected for high speed pressure cycling testing: ten cycles
with the maximum available ramp rate of >>10 bar/s were
applied until 1500 mbar. Next ten cycles with the same
ramp rate were applied to the same membrane until 2000
mbar.

The fracture strength Ofacre Of @ membrane was eval-
uated from maximum pressure P,,,, using equation'* '

2 2
O—graclure = LM, (0
24 (1 — v)h?
where a is the membrane radius, / is the film thickness, E is
the Young’s modulus, and v is the Poisson’s ratio [assumed
to be 0.24 (Ref. 25) here] of Al,O3 film.

The probability of failure P, was estimated by the proba-
bilistic Weibull distribution,26_30 where the failure probabil-
ity for a specimen with a surface area A under uniformly
applied stress ¢ is described by function

Pr=1—ecxp l—A (i) m], @)
_ -

where o, is the characteristic failure strength (scale parame-
ter) value of a unit area of material at 63% or
(1 —e ') - 100%, m is the Weibull modulus (shape parame-
ter), which evaluates the scatter of the strength data and
measures engineering reliability.

The expected mean fracture strength was calculated

_ O 1
U—Al/m-l"<1+%>, 3)
and the standard deviation from
2
T (1 + —)
g2 . 4’7; ,
I’ <1 + —>
m

where I'(z) is the gamma function.

S =

“4)

(d)

FiG. 1. (Color online) Fabrication process of free-standing membranes and schematic image of the fracture bulge test principle: (a) atomic layer deposition of
Al,O5 from both sides; (b) wet etching of Al,O3 in BHF from the back side, membrane release using dry etching; (c) photo image of test structures; (d) over-
pressure P (compressed air) is applied from the membrane top, where a is the radius, / is thickness of membrane.
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FiG. 2. Average breakage pressure values vs deposition temperatures.

lll. RESULTS AND DISCUSSION

The bulge technique was used to evaluate the fracture
strength of ALD Al,O5 deposited at four different tempera-
tures. Overpressure with maximum value of 3500 mbar was
applied to the suspended membrane until fracture took place.
The measured breakage pressure values are shown in Fig. 2.
As can be seen, films deposited at 150 °C and 300 °C toler-
ated higher pressures than those deposited at 110°C or
200 °C. All membranes survived after high speed pressure
cycling without any failure. This is a considerable merit
since membranes could withstand shock pressure impacts
with a high robustness needed for various MEMS devices.
However, after annealing or high humidity treatments, mem-
branes became significantly weaker (with exception of the
sample deposited at 110 °C).

The fracture strength was determined by Eq. (1). GIXRD
revealed no significant peaks indicating amorphous nature of
all annealed Al,O3 films. Therefore, Young’s moduli were
assumed to be 150GPa for deposition at 110°C, and
170 GPa for all other deposition temperatures.>!

Table I represents shape and scale parameters derived
from failure probability-fracture strength fits (Fig. 3) using
probabilistic Weibull distribution [Eq. (2)]. The Weibull
modulus of each test structure was defined from the slope of
the fit, and the characteristic strength was estimated with
probability of 63%. As most good engineering ceramics,

TaBLE L. Scale (o) and shape (m) parameters for all test structures.

Deposition As-deposited After annealing® After humidity
T (°C) scale (GPa)™” scale (GPa)” scale (GPa)”
110 232168 241192 1.6213¢
150 3.07°° 2.36'+0 2151
200 2.62°8 1.30'47 1.5183
300 3.1054 2.16'7 2.10"7

#25-30% of test structures failed after annealing without any mechanical
load.

JVST A - Vacuum, Surfaces, and Films
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Fic. 3. (Color online) Weibull diagrams: failure probability vs fracture
strength, where characteristic failure strength is scale and Weibull modulus
is shape parameter. Shown for Al,O3 deposited at 300 °C.

Al,O5 had the shape parameter about ten and higher.
Aluminum oxide films deposited at 150 °C and 300 °C had
the highest values of the scale parameter. However, the scale
parameter of these films was reduced by ~30% after anneal-
ing or moisture treatments. Interestingly, thin films deposited
at 200 °C reduced their scale parameter almost by a factor of
two after high humidity or annealing.

Figure 4 shows the dependence of the mean fracture
strength values [Eq. (3)] versus deposition temperature for
all sample types: as-deposited, annealed, and treated in high
humidity chamber. As observed, the fracture strength
degraded significantly after being annealed or exposed to the
high humidity. Error sources include minor membrane thick-
ness variation due to ALD, the Bosch etch process undercut
affects membrane size and thickness to some extent.

The fracture strength of as-deposited films is well-
correlated with the earlier work where the strength Al,O3

45—
| as deposited

4.0 | I annealed at 800°C
{IRH95% 60°C
3.5 2.91 3.00

Mean fracture strength (GPa)

110 150 200 300

Deposition temperature (°C)

FiG. 4. Mean fracture strength values [Eq. (3)] vs deposition temperatures.
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films was of 2.56 = 0.21 GPa (deposited at 220°C)."* As-
deposited Al,Oj exhibits significantly high fracture strength
values in comparison with common MEMS materials such
as silicon oxide, diamondlike carbon (DLC) or silicon car-
bide: 0.6—1.9 GPa (Ref. 32) for silicon oxide, 0.7 GPa (Ref.
33) for DLC, and 0.81 GPa (Ref. 34) for silicon carbide. The
fracture strength of aluminum oxide is comparable with pol-
ysilicon films, whose strength is about 3 GPa (Ref. 34) and
slightly lower than ultrananocrystalline diamond or silicon
nitride deposited by low pressure chemical vapor deposition:
fracture strengths are 3.95-5.03 GPa (Ref. 33) and 5.69 GPa
(Ref. 11), respectively.

High humidity reduced the Al,O; membrane fracture
strength. ALD aluminum oxide has been studied extensively
as a water vapor barrier, and its tendency to degrade is well
documented.>>” One of very few reports on mechanical
properties of alumina films is from 1969,>® when it was
reported that Young’s modulus of Al,Os5 films is reduced as
a function of absolute humidity. It has also been shown that
it is difficult to measure inherent strength of alumina because
even low humidity in the range of 10-40% RH is affecting
the results.® They proposed sample coating and nitrogen en-
closure for the measurements. Others have shown that even
very thin coatings, a few nanometer TiO, or NiO, can
remarkably stabilize alumina under water immersion.*” ALD
Al,Oj3 is etched by deionized water with the etch rate of
0.2nm/min.*' Water is able to penetrate the lattice of the
Al,O5 film, and possibly react with hydroxyl groups, creat-
ing paths for moisture penetration.* Thus, corrosion and dis-
solution of the film in water could be the reasons for the
strength reduction.

In case of annealing (except for sample deposited at
110°C), the decrease in resistance to failure can be
explained by modification in composition (outgassing) after
annealing.***® Tt has been reported that hydrogen and oxy-
gen contents are reduced during annealing.**** Moreover,
annealing induces changes in stress level that can lead to
failure. Indeed, some of our membranes failed after anneal-
ing without any mechanical load (25-30% of samples).

The fracture strength of bulk Al,O3 is known to decrease
with increasing temperature and relative humidity.**** The
same tendency was observed in our results: high humidity
and annealing had a deleterious effect to the strength of
ALD AIl,O3, degrading the membrane pressure tolerance and
therefore weakening the material strength.

IV. CONCLUSIONS

Reliable MEMS performance significantly depends on
materials used for its fabrication. ALD Al,O5 can be consid-
ered as a successful candidate for fabricating reliable free-
standing structures. As-deposited ALD Al,0O; membranes
exhibited high mechanical robustness and considerable frac-
ture strength of 2.25-3.00 GPa. Aluminum oxide films de-
posited at 150°C and 300°C tolerated higher pressures;
however, the mean fracture strength remained nearly con-
stant as a function of deposition temperature. Furthermore,
as-deposited membranes sustained high speed pressure

J. Vac. Sci. Technol. A, Vol. 33, No. 1, Jan/Feb 2015
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cycling without breakage. High humidity and annealing at
high temperatures were found to reduce fracture strength
clearly. Future work is required to evaluate the size effect of
ALD thin films and to elucidate the mechanism of humidity
induced failure.
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