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An atomic force microscope (AFM) was used to characterize the deformation behavior
of amorphous Si (a-Si) nanostructures subjected to monotonic and cyclic loading. The
sample geometry was specially designed (in the form of elbow) using finite element
modeling for the purpose of these tests, and the samples were grown by glancing angle
deposition. When deformed monotonically at room temperature, the a-Si specimens
exhibited a nonlinear force–displacement response at forces larger than a critical force,
a phenomenon not observed in bulk silicon. A fatigue testing methodology based on
the use of the AFM was established. The fatigue life of the a-Si specimens was
observed to increase by five orders of magnitude with a 50% reduction in the applied
force amplitude. It was verified that this delayed failure is caused by progressive
damage accumulation during cyclic loading. These results are compared with literature
data obtained from micron-size specimens.

I. INTRODUCTION

The increasing use of small micromechanical devices,
advanced sensors, biomedical instruments, etc. has not
only led to concerns about their long-term reliability is-
sues but has also generated a scientific interest in under-
standing the deformation mechanisms of these reduced-
size structures. The long-term durability is limited by the
operation of microscopic mechanisms that allow flaws to
develop or existing flaws to grow. Although bulk silicon
is not known to exhibit fatigue susceptibility, micron-
scale film structures made from silicon are known to
degrade during cyclic loading in the ambient.1 Many
studies dedicated to Si are specifically concentrated on
evaluating the elastic properties of the crystalline (c-Si)
and amorphous (a-Si) material by performing monotonic
bending tests of horizontal or slanted nanobeams.2–5 The
elastic properties of these specimens are found to be
similar to those of the bulk material. There have been a
few but significant studies of the fatigue behavior of
microelectromechanical system (MEMS) polysilicon
thin-film specimens. These are vibrating structures such
as oscillators and comb drives,6–8 notched cantilever

beams,9 and tensile microspecimens.10 These studies
demonstrated that fatigue behavior of micron-scale
specimen is different from that of larger silicon speci-
mens. Two classes of mechanisms have been proposed to
explain this observation. The first is based on subcritical
cracking in the silicon oxide surface layer (reaction-layer
fatigue), while the second is associated with subcritical
cracking in the silicon itself. However the issue remains
contentious.11 Nanoindenters and atomic force micro-
scopes (AFM) have enabled the study of mechanical
properties of submicron or nanoscale specimens, and
there have been a few attempts to evaluate the fatigue
properties of c-Si nanowires by the use of AFM based
techniques.3,12 However, such studies are still in their
infancy primarily due to the complex instrumentation
required.

Monotonic bending and compression tests of metallic
micro/nanowires (Ni, Au) have been performed to deter-
mine the scaling of the plastic behavior with the speci-
men size.13,14 It has been observed that plastic deforma-
tion in specimens with at least one dimension smaller
than 1 �m is different from that in the macroscopic bulk;
specifically, the flow stress is larger and strain hardening
is reduced. These changes were attributed to the scarcity
of dislocation sources associated with the short travel
distance before the defects leave the specimen. This phe-
nomenon was named “dislocation starvation.”15
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The scaling of the response of brittle amorphous solids
with the specimen size was less studied to date. The
atomic scale mechanisms of deformation were investi-
gated by computer simulations,16 and it was shown that
stress-mediated interaction of “transformation domains”
associated with atomic scale density fluctuations controls
localization and potentially, macroscopic failure. Clearly,
observing a size effect is expected when the specimen
dimensions become comparable to the length scale on
which these mechanisms operate.

The purpose of the present study is to investigate the
deformation behavior of small volumes of a-Si. The
specimens used are grown by oblique angle vapor depo-
sition. They are free-standing nanostructures (in the form
of elbows) fixed to the substrate at one end. The load is
applied at the free end using an AFM tip. The deforma-
tion is also measured using the AFM. We first report the
response of the material to monotonic loading, then dis-
cuss the development of the AFM-based fatigue test
methodology, and lastly consider the fatigue behavior of
these structures.

II. EXPERIMENTAL METHODS

A. Sample preparation

The structure used in this study is “elbow” shaped and
is shown schematically in Fig. 1(a). The parameters L, b,
h, and � denote the average length, width, thickness, and
rise angle of the arms (measured from the horizontal).
The cross section of the structure is approximately ellip-
tical. The specimens are made from amorphous Si (a-Si)
and are fabricated by oblique angle vapor deposition with
swing rotation17 in high vacuum. The setup of the depo-
sition system is described elsewhere.18,19 The substrate is
Si(100) on which tungsten (W) posts of about 450 nm
height were deposited by chemical vapor deposition fol-
lowed by mechanical polishing. The posts are arranged in
a square pattern with 1-�m post-to-post distance. The top
and bottom diameters of the W posts are about 130 and
360 nm, respectively. The angle, �, between the vapor
direction and the substrate normal was fixed at 85°. The
substrate was attached to a stepper motor and was rotated
back and forth (swing rotation) at a speed of 1.5 × 10−2

rpm within azimuthal angle � � 90° without changing
the deposition angle. The pressure during deposition was
less than 5 × 10−4 Pa. The deposition rate was determined
by a quartz crystal monitor and was 0.50 ± 0.03 nm/s. To
grow an elbow structure, a slanted rod (∼1 �m in length)
was grown to be the first arm. Then, the substrate was
rotated by 90° (without changing the angle �), and an-
other rod of similar dimensions was deposited to make
the second arm.

The choice of this sample geometry is due to the ob-
servation that in bending tests with slanted nanorods (one
arm only),5 the specimens always failed at the junction

between the beam and the substrate. This test would
probe the a-Si–W interface and not the a-Si material
behavior. These elbow structures were designed to avoid
failure at the support and to move the critical region to
the turning point of the elbow (point A in Fig. 1). The
stress distribution was evaluated by finite element mod-
eling and is discussed further in the Sec. II. B. Hence, the
elbow structures are better suited to probe the a-Si re-
sponse than the simpler, single rodlike geometry.

The grown elbows were imaged by a field emission
scanning electron microscopy (FE-SEM-6330F, Jeol
Ltd., Tokyo, Japan). Top and side view images were
taken and digitized for size analysis. Figures 1(b) and
1(c) show the SEM top and side views of the samples.
The average values of �, L, and h were determined from
the side view, whereas the average width b was deter-
mined from the top view of the images. The dimensions
of the elbow structures are: lengths of arms L1 � L2 ≈
1000 ± 50 nm, widths of arms b1 � b2 ≈ 450 ± 25 nm,
thicknesses h1 � h2 ≈ 250 ± 25 nm, and the rise angle
from horizontal �1 � �2 ≈ 35 ± 1°, where the subscripts
1 and 2 denote the first and the second arm, respectively.

B. Mechanical testing

An XE-100 (PSIA Inc., Santa Clara, CA) AFM was
used to conduct the monotonic and fatigue tests in air,
at room temperature. The force constants of the cantile-
vers used in the experiments were 35, 37, 38.5, 40.5, and
42.1 N/m (NSC16F series, MikroMasch Ltd., Wilson-
ville, OR). These were calibrated individually using Sad-
er’s method.20 The Z-piezo detector was calibrated using
standard calibration grating. The calibrated force con-
stants and the calibrated Z-detector enable the conversion
of the differential photodiode voltage (raw A–B signal)
to force. This was done by pushing the tip of the canti-
lever (cantilever is attached to Z-piezo) a known distance
against a sapphire surface while recording the raw A–B
signal. To conduct mechanical testing, topographic im-
age of the sample area was taken to locate a particular
specimen. The tip was brought in contact with the re-
spective specimen, and the Z displacement of the table
was controlled so as to apply a certain force. The force
was measured from the cantilever deflection, while the
specimen deflection (motion of the point where the force
is applied) was calculated by subtracting the cantilever
deformation from the Z-motion of the piezo. Hence, the
monotonic test is neither force nor displacement con-
trolled. The details of the test procedure are described
elsewhere.5

Monotonic bending tests were conducted on 34 speci-
mens and the average values for the specimen force con-
stant, k, and the force at failure, Ff, were determined from
the force–displacement (F–d) curves. The average force
at failure in monotonic tests is also used as a reference for
the fatigue tests. The statistics are improved by the fact
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that all specimens are quite similar, as all are grown
simultaneously.

Fatigue tests were performed by setting the maximum
load applied, Fmax � 2Fa. The minimum force of the
cycle was 0, and hence the mean load is equal to the
cycle amplitude, Fa. The magnitude of the total vertical
motion and the loading/unloading speed of the Z-piezo
were determined in such a way as to produce the desired
frequency of cyclic loading. The cantilever loads the
specimen up to Fmax�, which is then held for a short
duration of time. The unloading is performed at the same
rate as the loading. In all tests reported here, the fre-
quency was 5 Hz. The frequency was kept low to avoid
excessive rate effects (if any) in the material response as
well as losing the contact between the tip and the speci-
men. Figure 2 shows the typical time variation of the
force applied to the specimen and the Z-piezo displace-
ment. The force curve exhibits the usual snap-in of the
cantilever to the specimen, a linear increase of the force,
and a plateau corresponding to the Z-piezo hold period,
followed by unloading. During the fatigue test, the force
and Z-piezo displacement signals were monitored in real
time through a LabVIEW (National Instruments Corp.,
Austin, TX) interface. A large instability in the applied
force in a given cycle was interpreted as being caused by
specimen failure as discussed in the Results section. A
total of 59 specimens were tested in fatigue, and the force
versus the number of cycles to failure was plotted. The
post-test analysis of the failure surfaces was performed
by SEM imaging of the failed specimens.

C. Finite element modeling

Finite element modeling (FEM) of the structure was
performed using a commercial software package
(ABAQUS; SIMULIA, Providence, RI). The modeling

FIG. 1. (a) Schematic of the test structure (elbow) used in the current
experiment. The first arm OA is grown on the W plug and the second
arm AB is grown perpendicular to the first arm by rotating the sub-
strate by 90° during deposition. The inset shows the elliptical cross
section of the structure with b and h defining the major and minor
semiaxes. The dimensions of both arms are similar. (b) The top and (c)
the side view SEM images of the a-Si specimens. In (c), the lower arm
of the elbow is pointing out of the plane of the image, while the upper
arm is in that plane.

FIG. 2. Time variation of the applied force and the Z-displacement
signals from the AFM during a loading–unloading cycle. The force is
limited to a specified value (here 1 �N) and is held at the upper limit
for a short duration.
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was performed to design the specimen geometry for fail-
ure to occur at the elbow, as discussed previously. In the
model, a distributed force was applied at an angle of
13° (from vertical) at the free end to mimic the finite size
and the angle of repose of the AFM tip. The mesh in the
vicinity of the turning point of the elbow was refined
until the solutions converged. The material was con-
sidered elastically isotropic with Young’s modulus, E �
94 GPa and Poisson’s ratio, � � 0.22.21 The value of the
Young’s modulus was measured on the same material
(but different specimen geometry) in a separate experi-
ment.5 It was verified that these values of the elastic
constants led to a computed force constant for the struc-
ture, k, very close to the measured value.

III. RESULTS AND DISCUSSION

A. Monotonic tests

Figure 3 shows a typical F–d curve obtained in a
monotonic test of the elbow structures in Fig. 1. The
monotonic F–d curve is linear up to a critical force Fp ≈
1275 ± 220 nN beyond which the linearity breaks down
(the uncertainty of the reported figures is associated with
tests performed on multiple specimens). The force con-
stant of the specimens, k � 22 ± 8 N/m, was calculated
from the linear portion of the F–d curve. The slope of the
loading part of the F–d curve decreases beyond the criti-
cal force until the force reaches a maximum Ff ≈ 1700 ±
380 nN after about 50 nm displacement. Then, the force
decreases rapidly, indicating the failure of the specimen.
The unloading part of the curve is the cantilever pullout
(no response from the specimen) and verifies that the
structure failed completely. The complete failure was
verified by taking the topographic image of the sample
area after each test. The drop of the force beyond the

maximum is not abrupt since the piezo continues moving
the tip toward the specimen up to point U in Fig. 3, i.e.,
up to the onset of the retraction period. This feature of the
curve occurs because the test is not exactly displacement
controlled. Additional information is obtained from the
density of data points along the curve. As the points are
collected at equal time intervals, the result is that the
deformation is stable and performed at constant rate up to
the peak of the curve.

If the specimens are unloaded before the maximum
force Ff is reached, the F–d curve returns to the origin
while defining a small hysteresis loop. Reloading takes
place on the same path as the initial loading, indicating
that no damage accumulated in the specimen. The re-
sponse to repeated loading–unloading with maximum
force within 20% of the failure force Ff has been moni-
tored, and the results are reported in Sec. III. B. 3. As
discussed there, the specimen stiffness changes only in
the last ∼20% of the specimen life. Fully reversible re-
sponse is measured at all other times.

The maximum measured force Ff corresponds to a
maximum principal stress over the entire structure of �f

� 440 ± 80 MPa. The mapping was performed by finite
element analysis. This uncertainty in the stress amplitude
is associated with the scatter in the value of Ff and with
the uncertainty in the dimensions of the specimens (de-
termined from SEM images). For polycrystalline silicon
the measured fracture stress varies with processing con-
ditions and grain size and was reported to be between 1
and 4 GPa.22–24 Thus, it can be observed that the mono-
tonic fracture stress for these a-Si specimens is approxi-
mately an order of magnitude smaller, compared with the
polysilicon specimens.

B. Fatigue tests

1. Fatigue failure identification

Figures 4(a) and 4(b) show typical force and Z-motion
waveforms, respectively, obtained from the nanoscale
fatigue tests on the a-Si elbow structure. The force wave-
form is approximately constant over the entire test dura-
tion except in the final cycle when the specimen fails.
When the specimen fails completely, the force drops
toward 0, but because of the large value of the Z-
displacement, the AFM cantilever hits and loads the sub-
strate. This results in two clear peaks in the force wave-
form; the first is the specimen response, and the second
is the substrate response. In Fig. 4, the failure occurs in
4620th cycle as indicated by the two peaks in the force
waveform. This method of monitoring the failure of the
specimen in real time is novel. To ensure that the double-
peak phenomenon described previously is not an artifact,
AFM topographic images of the sample area before and
after the tests were taken. Figure 5(a) shows the AFM
image of the sample area before the fatigue test. The

FIG. 3. A typical F-d curve obtained in a monotonic loading test. Fp

and Ff indicate the limit of proportionality and the failure force, re-
spectively. Beyond Ff, the specimen fails and the force decreases;
however, unloading (retraction of the tip) begins at U.
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specimen marked with “X” was loaded cyclically. Once
the fluctuation in the force level described here was
noted, the loading was stopped and a topographic image
was taken [Fig. 5(b)]. The specimen marked by “X” in
Fig. 5(a) is missing in Fig. 5(b), indicating its complete
failure. The procedure was repeated for all specimens
tested. It was also verified that if the test is stopped
before the double peak in the force waveform is ob-
served; all specimens appear intact upon topographic im-
aging.

2. Fatigue life curve

Figure 6 depicts the ratio of the peak applied force to
the monotonic failure force (F/Ff) versus the number of
cycles to failure. The number of cycles to failure (Nf)
data were collected with force amplitudes ranging from
∼40% to 100% of Ff. The number of cycles to failure
values range from Nf � 1 to 2.7 × 105 cycles at F/Ff ≈
1 to 0.44, respectively. The fatigue lifetime of the a-Si
structures is observed to increase monotonically with de-
creasing force. With a 50% reduction in applied peak
force (to ∼800 nN), the lifetime increases by approxi-
mately 5 orders of magnitude. Through FEM, this force
translates into a maximum principal stress value of
∼210 MPa at the turning point of the elbow.

The bulk silicon is inherently brittle at room tempera-
ture and is not susceptible to fatigue due to extremely low

dislocation activity at low homologous temperature,25

little or no extrinsic toughening mechanism,26 and sus-
ceptibility to environmentally assisted cracking.27 How-
ever, micron-scale polycrystalline silicon was observed
to show some delayed failure during cyclic loading.9 For
example, in Ref. 9 it is reported that for a polysilicon
specimen (∼2 �m thick with grain size ∼200 nm), a 50%
reduction in stress amplitude (to ∼2 GPa) resulted in an
increase in life of approximately five orders of magni-
tude. The fatigue process was attributed to the environ-
mentally assisted cracking of the surface oxide layer
(reaction-layer fatigue). Note that the nanoscale a-Si
specimens used in our experiments show a similar
extension of the fatigue life; however, they fail in
cyclic loading at an order of magnitude lower stress
(∼200 MPa) compared with the polysilicon specimens. A
systematic investigation of the grain size dependence of

FIG. 4. (a) Force waveform and (b) the accompanying Z-displacement
plotted against time showing the failure of the specimen. In this par-
ticular test, a peak force of 1050 nN was used and the failure resulted
in the 4620th cycle as indicated by the instability in force as well as
Z-displacement waveforms. The first of the two peaks in the last cycle
corresponds to the response from the specimen, the dip corresponds to
failure, while the second peak is due to the cantilever loading the
substrate.

FIG. 5. Topographic AFM images of the sample area (a) before and
(b) after the cyclic test. The specimen marked by “X” in (a) is loaded
and fails, so is not present in (b).
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the fatigue crack growth rate28 in alumina with the grain
size varying from 1 to 30 �m suggests that even though
the crack growth rate is insensitive to the grain size, the
stress intensity threshold at which cracks start to propa-
gate, Kth, is lower in the small grained material. This
trend is in agreement with the result presented here.

The presence of native oxide layer on the silicon sur-
face is inevitable since the experiments were carried out
in the ambient environment. For single-crystal silicon,
the oxide layer thickness is on the order of 1 nm. For
amorphous Si nanostructures, we also expect the exist-
ence of an oxide layer on the surface, but its thickness
was not measured.

3. Damage evaluation

Fatigue experiments have established that changes in
resonant frequency of the structure (in tests performed at
resonance, with MEMS) are a result of progressive dam-
age accumulation during cyclic loading.29 The force con-
stant of our specimens was evaluated from the measured
F–d data every few cycles to monitor damage accumu-
lation during the tests. Figure 7 shows a typical variation
of the measured force constant with the number of
cycles. As usually observed in fatigue at the macroscopic
scale, damage seems to accumulate slowly (the variation
of the force constant is comparable with the scatter in the
data) up to ∼80% of the number of cycles to failure.
Damage accumulates at a much faster rate in the last 20%
of the specimen life. This is an interesting observation in
a nanoscale specimen as in large-scale samples the long
incubation period is associated with the nucleation of
nano/microscale cracks.

4. Failure analysis

Figures 8(a) and 8(b) show SEM images of the failed
samples that have been subjected to cyclic loading. In
most cases, the sample failed from the turning point of

FIG. 6. The variation of fatigue life (number of cycles to failure) with
the applied maximum force, F. The amplitude and the mean of the
cycle are both equal to F/2. The vertical axis is normalized by the
monotonic failure force, Ff (Fig. 3).

FIG. 7. The variation of the measured specimen stiffness, k, during
cyclic loading. Initially the stiffness was evaluated every 200th cycle,
after ∼0.7Nf every 50th cycle, and after ∼0.9Nf every 10th cycle. The
stiffness is approximately constant up to ∼0.8Nf, while in the final
∼0.2Nf cycles it decreases abruptly.

FIG. 8. Failure surfaces (indicated by white arrows) of the elbow
structure subjected to fatigue loading. (a) The failure surface on the
upper arm of the elbow structure. (b) The failure surfaces on the lower
arm of the structure (different specimens). Note that the failure sur-
faces are rough and there are no signs of ductility.
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the elbow (point A in Fig. 1). The arrows show the frac-
ture surfaces in the upper and lower arms, respectively
(of different specimens). The failure surfaces run at an
angle of approximately 45° with respect to the rod axis.
There is no obvious sign of ductile fracture.

Figures 9(a) and 9(b) show the maximum principal
and maximum shear stress distribution evaluated using
FEM and corresponding to an applied peak force of
1000 nN. As discussed before, both stresses are highest at

the turning point of the elbow. However, the maximum
principal stress (tensile) is approximately 1.5 times
higher than the shear stress. Also, the normal stress acts
approximately perpendicular to the direction shown by
the dotted line FF�, which is also the plane of failure
observed fractographically. The maximum shear stress
results at a location close to that of the maximum normal
stress [Fig. 9(b)]. The stress distribution exhibits very
large gradients in all directions, including in the across-
thickness direction of the failure plane, due to the small
dimensions of these samples. Hence, a definite conclu-
sion on the failure mechanism and the stress component
that controls it is premature. It can also be observed that
the specimen surface is rather rough [Fig. 8(a)], and these
asperities, although very small, may lead to stress con-
centration. These aspects are currently considered by
means of modeling. In particular, we are interested in
determining how these large stress gradients interact with
the atomic scale structural variability of the amorphous
material (spatial density fluctuations). This discussion is
deferred to a separate publication.

It has been shown that the sample preparation method
has a large effect on the density of the a-Si films.30 The
mechanical properties of the a-Si nanostructures are also
expected to be somewhat sensitive to the sample prepa-
ration method. Nevertheless, the fundamental deforma-
tion mechanisms are expected to be insensitive to these
parameters. Hence, results obtained with specimens
grown under different conditions are expected to exhibit
trends similar to those discussed here, though some quan-
titative variations are possible.

IV. CONCLUSIONS

The deformation behavior of a-Si nanostruc-
tures grown by oblique angle physical vapor deposition
was characterized with the use of AFM. In the monotonic
tests, the specimens were observed to exhibit nonlinear
deformation before failure. A fatigue test methodology
based on the use of the AFM was established, and a novel
method for determining the occurrence of complete
failure was used. The fatigue life of the a-Si speci-
mens was observed to increase by 5 orders of magnitude
with a 50% reduction in the applied force ampli-
tude. The comparison with published data obtained with
larger specimens suggests that fatigue susceptibility
increases with decreasing sample size. It was verified
that this delayed failure is caused by progressive
“damage” accumulation during cyclic loading, a surpris-
ing conclusion for a nanoscale specimen. Despite the
expectations based on the observation of nonlinear de-
formation under monotonic loading and of progressive
damage accumulation during cyclic loading, signs of
ductile failure could not be evidenced on the fracture
surfaces.

FIG. 9. (a) Maximum principal and (b) maximum shear stress distri-
butions obtained by finite element modeling and corresponding to an
applied force of 1000 nN. The dotted line SS� represents the direction
in which the maximum tensile principal stress acts, while the dotted
line FF� shows the approximate failure plane observed in experiments.
Note that both stresses are highest at the turning point of the elbow [A
in Fig. 1(a)].
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