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ABSTRACT: Al2O3-graphene nanolayers are widely used within
integrated micro/nanoelectronic systems; however, their lifetimes
are largely limited by fracture both statically and dynamically.
Here, we present a static and fatigue study of thin (1−11 nm) free-
standing Al2O3-graphene nanolayers. A remarkable fatigue life of
greater than one billion cycles was obtained for films <2.2 nm thick
under large mean stress levels, which was up to 3 orders of
magnitude longer than that of its thicker (11 nm) counterpart. A
similar thickness dependency was also identified for the elastic and
static fracture behavior, where the enhancement effect of graphene
is prominent only within a thickness of ∼3.3 nm. Moreover, plastic
deformation, manifested by viscous creep, was observed and appeared to be more substantial for thicker films. This study provides
mechanistic insights on both the static and dynamic reliability of Al2O3-graphene nanolayers and can potentially guide the design of
graphene-based devices.
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■ INTRODUCTION

Nanoscale amorphous alumina (a-Al2O3) films exhibit
remarkable mechanical and optical properties,1−3 high
dielectric constant (high-κ),4 chemical stability, and corrosion
resistivity5,6 and show great promise for a new generation of
devices, including flexible electronics, microelectromechanical
systems (MEMS), bio-MEMS, battery technologies, and
organic permeation barriers.7−14 Alumina, however, has
inherent mechanical limitations as it is generally brittle and
exhibits limited room-temperature flexibility. These can be
overcome by the integration of graphene, which exhibits
excellent electrical, thermal, optical, and mechanical proper-
ties.15−18 The structural and functional combination of
alumina and graphene has been applied to a variety of
applications, such as high-κ top-gated dielectrics, flexible radio
frequency graphene transistors, and pressure sensors.19−25

Within those optoelectronic and mechanical applications, the
devices usually require ultrathin (<10 nm), uniform, and
conformable coatings of alumina films to improve the device
performance and reliability through techniques such as atomic
layer deposition (ALD).23−25

The nanoscale Al2O3/graphene films in those aforemen-
tioned devices are inherently subjected to static and dynamic
mechanical stresses, especially with the ever-growing trend of
flexible applications. Static failure of nanofilms, for example,
may occur under localized stress or as the result of high-stress
shocks. Meanwhile, fatigue can also occur under repeated
loading when devices are in service.26 Investigating the fracture
and fatigue behavior, and understanding the underlying failure

mechanism and size effects on such behavior is critical for
designing durable materials and devices. Toward this end,
contradictory experimental results have been reported on
nanoscale amorphous alumina films, with both fully brittle27−31

and ductile32,33 failure being evidenced at room temperature.
Moreover, previous studies have investigated the fatigue
behavior of thin (4.2 to 50 nm) alumina deposited on silicon
substrates and highlighted the cyclic effect on the crack
initiation and propagation.34,35 Meanwhile, approaches to
improve these properties are limited in the reported literature,
and the effect of graphene on their fatigue life remains
unknown. Recently graphene has been reported to exhibit over
one billion cycles of fatigue life at high-stress ranges,36

suggesting that it may contribute to enhance the fatigue
response of alumina films. Herein, for the first time, we have
studied the fatigue behavior of free-standing a-Al2O3@G
nanofilms using a modified atomic force microscopy (AFM)
testing technique. The elastic and fracture behavior of a-
Al2O3@G nanofilms were also investigated, and a clear size
effect on both the static and fatigue behavior was revealed.
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■ RESULTS AND DISCUSSIONS

1. Static Elastic and Fracture Behavior. A series of
Al2O3 films with the thicknesses of 1.1, 2.2, 3.3, 5.5, 11, and
16.5 nm (using 10, 20, 30, 50, 100, and 150 ALD cycles at 120
°C) were deposited onto monolayer graphene for mechanical
characterization (details in SI section 1). ALD method was
selected to deposit high-quality alumina films with nanoscale
thickness control and high conformality.37 For simplicity, the
films prepared with different ALD cycles were referred to as
10C-Al2O3@G, 20C-Al2O3@G, 30C-Al2O3@G, 50C-Al2O3@
G, 100C-Al2O3@G, and 150C-Al2O3@G, with the number
before the letter “C” referring to the number of ALD cycles,
and “a-Al2O3@G” was used when referring to amorphous
alumina/graphene nanofilms in general. Chemical vapor
deposited (CVD) graphene covering a holey (diameter: 2.7
μm) transmission electron microscopy (TEM) grid was used
as a substrate for Al2O3 deposition. Both sides of free-standing
graphene were covered with Al2O3 film during ALD
deposition, as shown schematically in Figure 1a. A full
coverage of Al2O3 films over graphene was achieved for
thicknesses greater than 2.2 nm (20C-Al2O3@G), as shown in
Figure S1. Samples of 1.1 and 2.2 nm thick revealed a nearly
full coverage with some discontinuities still visible (Figure S1).
The structures of all Al2O3 films were revealed to be
amorphous according to the TEM diffraction patterns (Figure
S1).
Quasi-static AFM deflection testing was first conducted to

investigate the elastic and fracture responses of the films with
different thicknesses (details in SI section 3). As shown
schematically in Figure 1b, the center of the free-standing films
was loaded to 100 nN for elastic studies and then to fracture
for failure studies of a-Al2O3@G films (see SI section 4 for
details). The elastic responses of all a-Al2O3@G films were
consistent and repeatable with no significant hysteresis

between loading−unloading curves. The elastic data of at
least ten samples were collected for each film thickness and the
representative force−film deflection (F−δ) curves for a-
Al2O3@G films, including pure CVD graphene, are shown in
Figure 1c. It is evident that the mechanical stiffness increases
with increasing thickness. The elastic moduli (E) of 10C-,
20C-, 30C-, 50C-, 100C-, 150C-Al2O3@G, and graphene were
calculated as 294 ± 27, 207 ± 23, 176 ± 9, 174 ± 9, 168 ± 11,
163 ± 4, and 390 ± 34 GPa, respectively (see SI section 5 for
details). Elastic modulus as a function of thickness was shown
in Figure 1d, which reveals a ∼55% decrease when increasing
the thickness from 1.1 to 16.5 nm. A similar thickness
dependency of E was reported for the free-standing ALD
alumina films.38,39 The elastic moduli for free-standing thin
ALD alumina in literature were summarized in Table S1 with
an average value of 166 GPa for films of 5−200 nm thick. The
elastic moduli of 10C- and 20C-Al2O3@G was higher than
thicker films and deviated from a rule-of-mixtures (ROM)
analysis, likely due to a noncontinuous coverage of Al2O3
where graphene acted as the primary load-bearing component.
Similar modulus reinforcement effect was observed for
nonfully covered TiO2@G films.40 Further increasing the
thickness continues to reduce the elastic modulus in a more
gradual manner, and a plateau was further reached (after 30C-
Al2O3@G) converging to the property of bulk amorphous
alumina (within 6%), which demonstrates the minimal impact
of the graphene layer on the modulus of a-Al2O3@G
composites once the total thickness is above ∼3.3 nm.
The static fracture behavior of a-Al2O3@G films was

investigated by loading the center of the film until failure.
The failure was identified by an abrupt force drop beyond 20%
of the maximum force (FFracture).

44,45 Representative F−δ
curves up to failure were provided in Figure S3. Figure 2a
reveals the fracture force and toughness (energy-to-failure)
normalized by the total film thickness, where a reduction of

Figure 1. (a) Schematic of a holey TEM grid window with suspended graphene. Al2O3 was deposited on both sides of graphene, (b) schematic of
AFM deflection testing where a static force is applied at the center of the film, (c) representative F−δ curves of graphene and a-Al2O3@G films of
different thickness. Lines represent fitting the data using eq S1, and (d) Young’s modulus versus alumina film thickness. The moduli of a-Al2O3@G
films were in reasonable agreement with ROM above ∼3.3 nm with an estimated bulk value of 166 GPa. The gray band shows the range of E values
of alumina films of 5−200 nm presented in Table S1.27−29,38,39,41−43
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∼81% and ∼87% was achieved respectively when film
thickness increases from 1.1 to 16.5 nm (10C- to 150C-
Al2O3@G). We chose to report the fracture force rather than
stress due to the complex stress state in the composite
nanolayer. The effective averaged stress at the loading point of
the films was also estimated using a continuum model (SI
section 7 and Table S2) and showed ∼70% strength reduction
when thickness increases from 1.1 to 16.5 nm. A more detailed
stress distribution near the indenter has also been modeled by
finite element analysis (Figure S4). The trend of decreasing
strength and normalized toughness also reached a plateau after
30C-Al2O3@G, where the ALD Al2O3 fully covers the
graphene. A Weibull analysis46 was performed in Figure 2b
(details in SI section 8), which reveals a larger scatter in
fracture force for thin films (both noncontinuous and
continuous thin films) than (continuous) thick films. A higher

scatter in the results typically indicates a higher sensitivity to
the defects. Thinner films are expected to be more sensitive
because any defects will be more detrimental to thinner
samples than the thicker ones. Similar to the elastic properties,
the fracture force and energy-to-failure of thinner films were
more significantly affected by the graphene layer, and the
behavior of Al2O3 films becomes more dominant after forming
a continuous film over graphene.
Secondary electron (SE) and high-angle annular dark-field

(HAADF) images of the fracture surface for 10C- and 100C-
Al2O3@G samples in Figure 2c revealed significant differences.
The 10C-Al2O3@G was found to fail catastrophically with film
rupture, while 100C−Al2O3@G exhibited localized crack
formation under the tip apex and crack propagation toward
the edges. The failure morphology in Figure 2c suggests that
during the fracture propagation process, the strain energy in

Figure 2. (a) Influence of film thickness on normalized fracture force and normalized toughness for all a-Al2O3@G films. The normalization is
conducted by the thickness of a-Al2O3@G films. Highlighted sections refer to three groups of films based on thickness and film coverage. (b) Two-
parameter cumulative Weibull probability distribution of the failure force of three groups a-Al2O3@G films with different thickness range and film
coverage on graphene. (c) SE and HAADF images of 10C- and 100C-Al2O3@G before and after deflection to failure. White circles highlight the
discontinuity in the 10C-Al2O3@G film.

Figure 3. AFM topography images of 100C-Al2O3@G film after static dwelling up to 2000 s showing progressive plastic damage.
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thicker films can be released by forming through-thickness
cracks while, on the contrary, the thinner films release the
energy by forming more in-plane cracks that cause film rupture
and delamination. Failure of amorphous alumina films at the
nanoscale has been reported to be brittle;27−31 however,
several recent studies reported plastic deformation for alumina
films of 50 and 35 nm thick.32,33 Herein, deviations from linear
behavior and minor force drops were evident in the failure F−δ
curves of the 50C-, 100C-, and 150C-Al2O3@G films
immediately before failure, which was highlighted in Figure
S6. These deviations from linearity were likely due to the yield
and initiation of plastic deformation at high forces just before
the major fracture.
To further understand the potential plasticity, we performed

a long-term static dwelling test. The center of the films was
loaded to 85% of the average static failure force and
maintained for a prolonged period, equivalent to a constant-
load creep test. As shown in Figure 3, surface changes were
evident after 1000 s of dwelling (highlighted in a white
square), and significant local plastic damage was observed after
1500 s, although no sign of global failure was detected. The
dwelling continued for another 500 s, and the size of the plastic
damage zone increased. The plastic damage zone is more
visible for thick films, such as 100C-Al2O3@G samples where
there is a larger volume of alumina available for permanent
deformation so that the cumulative damage is large enough to
be detected. In the case of 30C-, 50C-Al2O3@G films, the
damage was observed after 1 h of a dwelling, but the damage

zone was smaller than thicker samples, which is due to the
limited space (geometrical confinement) for creep diffusion
activities,47 and the damage could also be easily exhausted at
the surface. Since graphene has been demonstrated with no
measurable plastic behavior,36 our results directly proved that
viscous creep is a major mechanism for the plasticity of a-Al2O3
films. In addition, for the very thin a-Al2O3@G films, the
supporting graphene layer with extremely high intrinsic
strength could constrain and therefore hinder the plastic flow
in alumina, resembling the blocking of dislocation movements
at metal−graphene interfaces.48

2. Fatigue Fracture Behavior. Fatigue testing of a-
Al2O3@G was conducted using a modified AFM technique
reported in our previous study,36 which enabled combined
static and cyclic mechanical loading to nanofilms, which are
schematically shown in Figure 4a (details in SI section 10).
The fatigue tests were conducted for 10C-, 20C-, 30C-, 50C-,
and 100C-Al2O3@G films as well as CVD monolayer graphene
to investigate the effect of alumina film thickness and graphene
support layer on the fatigue life (number of cycles to failure,
NF). Fatigue characterization of a-Al2O3@G films was
conducted at varying static force (FDC) levels equivalent to
80%, 70%, and 50% of the average fracture forces (F̅Fracture) for
different thicknesses. In our previous study,36 increasing the
stress amplitude was shown to lower the NF for graphene. In
this work, a constant force range ΔF = 90 nN (equivalent to 1
nm of our cantilever oscillation amplitude, cantilever stiffness k
= 45 N/m) was applied for all tests to focus on the mean force

Figure 4. (a) Schematic of fatigue testing with FDC and FAC applied to the film center at the same time. (b) FDC/F̅Fracture−N curve of CVD graphene
and a-Al2O3@G films showing a longer lifetime for lower DC force and smaller thicknesses. Note that the measured lifetime has an error within 1 s,
equivalent to 1 × 105 cycles. (c) Average fatigue cycle number of a-Al2O3@G films at different force levels indicating thickness dependency of
fatigue. Error bars represent the standard error of at least three sample measurements. (d) Comparison of lifetime between fatigue loading and
static dwelling of a-Al2O3@G. Samples failed earlier under cyclic loading even though at a lower stress level.
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effect on the fatigue life shown in Figure S7. The force−cycle
(F−N) curves of a-Al2O3@G films and CVD graphene are
shown in Figure 4b, and the static force in the vertical axis was
normalized by the average static fracture force (FDC/F̅Fracture).
The data in N = 1 represent static loading to failure. For each
specific thickness, the fatigue life increases with decreasing
static force level. The F−N curve in Figure 4b also revealed a
significant increase of NF from 105 to 109 at 80% of F̅Fracture
when the alumina film thickness was reduced from 100C- to
10C-Al2O3@G (11.0 to 1.1 nm). A similar thickness effect was
evident for fatigue tests under 70% of F̅Fracture and 50% of
F̅Fracture. The average NF at different static force levels vs film
thickness is plotted in Figure 4c, and a remarkable NF was
measured for all a-Al2O3@G films from millions to several
billion cycles; meanwhile, a trend of reduced NF with
increasing thickness was also evident. The average NF of
CVD graphene (one to ten billion cycles under 50−80% of
F̅Fracture) was at least 1 order of magnitude higher than that of
a-Al2O3@G films. The high NF for graphene was in a similar
range reported for pristine graphene;36 however, the stress
amplitude applied here for CVD graphene is much lower than
the tests conducted on pristine graphene. The NF of 10C−
Al2O3@G was in a range of a few billion cycles close to that of
CVD graphene, which was attributed to the enhancement
effect of graphene similar to that observed in the static
behavior. The NF of 30C-, 50C-, and 100C−Al2O3@G films
was found to be reduced by two to 3 orders of magnitude. It is
noted that stress amplitude should also be lower in thicker
samples given the same applied cyclic force ΔF = 90 nN. The
stress calculations based on a continuum model (details in SI
sections 7 and 10) for graphene and a-Al2O3@G films (see
Tables S3−S5) indicate that both the mean stress and stress
amplitude decreases for thicker films. The fact that the thicker
samples still having a shorter lifetime further confirms the
significant size effect. However, if the film is too thick (e.g.,
>16.5 nm in this work), it turned out that the ΔF here would

be below the fatigue threshold and cause little damage to the
sample.
A comparison was made between fatigue loading and the

long-term static dwelling to highlight the dynamic effect on the
lifetime of the a-Al2O3@G films. Fatigue and dwelling tests
were conducted at 50% and 75% of F̅Fracture, respectively. Under
static dwelling, the samples were only subjected to ambient
thermal fluctuations, which resulted in a near-zero (<20 pm)
tip amplitude. As shown in Figure 4d, a-Al2O3@G films with
different thicknesses could also fail under long-term static
dwelling; however, the time-to-failure is at least twice longer
than that under fatigue loading at even 50% of F̅Fracture.
Therefore, it is clear that the cyclic loading could further
contribute to a shorter lifetime of a-Al2O3@G films in addition
to static loading. We attributed the significant cyclic effect to
the viscous creep behavior of alumina (Figure 3), as well as the
presence of the graphene/alumina interfaces, which involves
severe energy dissipation during cyclic loading, especially at
high loading frequencies such as 100 kHz in this work. Clear
delamination at the alumina/graphene interface was observed
only for samples under cyclic loading (Figure S9); meanwhile,
for samples under static dwelling, the creep-induced fracture is
the dominant failure mechanism.
The fracture morphology of a-Al2O3@G films failed under

quasi-static (monotonic loading to failure) and fatigue loading
(80% of F̅Fracture) was compared, and the fracture behavior also
differs significantly for different thicknesses. As shown in
Figure 5, the fracture morphology under quasi-static loading
was catastrophic for 10C-Al2O3 films which were similar to the
static failure of monolayer graphene, whereas the fatigue
fracture caused more cracking and delamination, and less
global rupture was evident. In contrast, 20C- and 100C-
Al2O3@G exhibited cracks on the surface under fatigue loading
in comparison to larger through-thickness holes under static
loading. The fatigue behavior of a-Al2O3@G films shifted from
graphene-dominated to alumina-dominated behavior with
increasing thickness. Also, the thicker alumina films exhibited

Figure 5. SE images comparing fracture morphology of 10C-, 20C-, and 100C-Al2O3@G films failed by static (left) and fatigue (right) loading.
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more plasticity under static loading, which contributes to the
earlier failure under cyclic loading.

■ SUMMARY AND CONCLUSIONS
In this Letter, a systematic mechanics study, including elastic,
static fracture, creep, and fatigue behavior of a-Al2O3@G
nanofilms was investigatedusing AFM-based techniques. A
single graphene layer was revealed to enhance the elastic,
fracture, and fatigue life of a-Al2O3@G films up to a critical
thickness of ∼3.3 nm, after which the intrinsic behavior of
alumina was observed. Constant-load creep tests revealed
obvious plasticity in a-Al2O3@G films, especially in films
thicker than ∼3.3 nm; meanwhile, the plasticity in thinner films
was hindered by the graphene layer and thus less evident.
Fatigue testing also revealed a clear size-scale effect where a-
Al2O3@G films of ∼1.1 nm thick could survive a few billion
cycles (under FDC/F̅Fracture = 50%−80% and ΔF = 90 nN),
which is up to 3 orders of magnitude higher than that of
thicker (11 nm) a-Al2O3@G films. The observed plasticity in
alumina and the presence of graphene/alumina interfaces were
identified to contribute to the significant cyclic effect. The
observed mechanical size effects (both static and fatigue
properties) exhibited a shift from graphene-dominated to
alumina-dominated behavior with increasing thickness. These
results demonstrate the high static and dynamic reliability of
ultrathin graphene-alumina nanolayers, and the mechanical
enhancement effect of graphene, potentially guiding the
optimal structural design in flexible optoelectronic devices.
It is noted that despite some existing challenges, significant

progress on wafer-scale synthesis of high-quality graphene has
been achieved,49,50 and the roll-to-roll ALD processes have also
shown great promise in large-scale industrial applications of
various thin coatings.51 The developed method could also be
widely applied to other ultrathin nanolayers. It is anticipated
that graphene may play a similar role in enhancing the fatigue
life of other oxide glasses. Despite the fact that the absolute
fatigue life is likely to be different for different material systems,
a similar size effect may also exist. However, future studies
including both experimental and atomistic simulations, are
needed to investigate both the fatigue resistance and detailed
mechanisms across different material systems.
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