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High-quality single-crystal silicon nanolines �SiNLs� with a 24 nm linewidth and a height/width
aspect ratio of 15 were fabricated. The mechanical properties of the SiNLs were characterized by
nanoindentation tests with an atomic force microscope. The indentation load-displacement curves
showed an instability with large displacement bursts at a critical load ranging from 9 to 30 �N. This
phenomenon was attributed to a transition of the buckling mode of the SiNLs under indentation,
which occurred preceding the final fracture of the nanolines. The mechanics of SiNLs under
indentation was analyzed by finite element simulations, which revealed two different buckling
modes depending on the contact friction at the nanoscale. © 2009 American Institute of Physics.
�DOI: 10.1063/1.3103251�

I. INTRODUCTION

Silicon nanostructures are essential building blocks for
nanoelectronic devices and nanoelectromechanical
systems.1–4 Mechanical characterization at nanoscales is im-
portant for practical applications but remains challenging as
the mechanical properties such as yield strength, fracture
strength, contact friction properties are often different at the
nanoscale from their bulk properties. In this work, single-
crystal silicon nanolines �SiNLs� were characterized by
nanoindentation tests using an atomic force microscope
�AFM�.

Various processes have been developed for the fabrica-
tion of silicon nanostructures.5–12 By combining electron-
beam lithography �EBL� and anisotropic wet etching �AWE�,
a top-down fabrication process was developed to obtain
single-crystal parallel SiNLs on a silicon �110� wafer.5 Under
indentation, the single-crystal SiNLs showed mechanical
properties that are distinctly different from those of bulk sili-
con. In a previous study of SiNLs with a linewidth of 74 nm
and an aspect ratio of 6.9, the load-displacement curves from
the indentation tests showed an instability with large dis-
placement bursts at a critical load ranging from 480 to
700 �N.5 This phenomenon was attributed to a transition of
the buckling mode of the SiNLs under indentation, which
occurred preceding the final fracture of the nanolines. In our
earlier work, the onset of buckling instability and the mode
transition were found to depend on the friction at the contact
between the indenter tip and the SiNLs as well as the relative
tip location and the aspect ratio of the SiNLs.13 However,
due to the close spacing of the SiNLs, we were not able to

control the tip location precisely with respect to any particu-
lar nanoline, and consequently the contact friction was not
quantified. The present study improves the fabrication pro-
cess to yield SiNLs with narrower linewidths and wider line
spacing to allow precise positioning of the indenter. The
unique configuration and structural perfection of the single-
crystal SiNLs made it possible to quantitatively investigate
the buckling phenomenon and contact friction at the nano-
scale.

II. FABRICATION OF SILICON NANOLINES

A low-pressure chemical vapor deposition process was
used to grow �20 nm thick oxide on a Si �110� wafer.
E-beam evaporation was then employed to deposit a
�15 nm thick Cr layer over the oxide. Patterns of parallel
SiNLs were formed with an e-beam exposure system operat-
ing at 50 kV on a spin coated e-beam resist of thickness of
�130 nm. Pattern transfer from the resist to the Cr layer
was performed by Cl2 and O2 plasmas at a pressure of 80
�10−3 Pa and rf power of 75 W for 2 min. The exposed
oxide layer was etched in a CHF3 and O2 plasma down to the
�110� silicon surface using the Cr lines as the etching mask.
Subsequently, the residual resist was removed in a Piranha
solution, and tetramethylammonium hydroxide �TMAH�
heated to 80 °C was used to etch silicon along the �111�
planes of silicon. Finally, the Cr and oxide layers were re-
moved by Transene Chromium Etching Solution 102014 and
buffered oxide-etching solution, respectively.

The high-resolution EBL method is capable of producing
patterns with feature dimensions less than 20 nm. Combining
with high-quality pattern transfer by AWE, the process
yielded SiNLs with straight and nearly atomically flat side-
walls without defects induced by reactive ion or plasma etch-
ing. In this study, SiNLs with linewidths as small as 24 nm
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and a height-to-width aspect ratio exceeding 15 have been
fabricated. Figure 1 shows two scanning electron microscope
�SEM� images of one set of the fabricated SiNLs. The line-
width and the height of these SiNLs were about 24 and 380
nm, respectively. The trench width was 366 nm, and the line
length was about 30 �m. These SiNLs have smooth side-
walls, almost perfectly rectangular cross sections, and a
highly uniform linewidth. The linewidth and spacing of the
SiNLs were chosen to allow the indenter tip to be precisely
positioned at the center of the trench between adjacent lines
to allow quantification of the contact configuration and fric-
tion.

III. NANOINDENTATION TESTS

An AFM based nanoindentation system �a Triboscope
system from Hysitron, Inc.�14 was employed to measure the

mechanical properties of the SiNLs using a conically shaped
indenter with a tip radius at around 3.5 �m. Before each
indentation test, the indenter tip was placed directly above a
30�30 �m grating area patterned with an array of parallel
nanolines. For better control over the indentation position,
the indenter was manipulated to position precisely on top of
a pattern trench center, guided by an AFM image of the
SiNLs using the same conical indenter in the image-scanning
mode. Subsequently, the indenter was slowly brought into
contact with the SiNLs, and load-controlled indentation tests
were performed with a dwell time of 1 s at the peak of a
trapezoidal loading profile.

Figure 2 shows two sets of force-displacement curves
obtained from the nanoindentation tests. Similar to the inden-
tation response of the 74 nm wide SiNLs reported in our
previous work,5 a large displacement burst was observed at a
critical indentation load, which was attributed to buckling
instability of the SiNLs. However, two distinct deformation
modes were observed from the present data for the high-
aspect-ratio 24 nm SiNLs, termed as mode A �Fig. 2�a�� and
mode B �Fig. 2�b��, respectively. As shown in Fig. 2�a� for
the deformation mode A, the critical load for the displace-
ment burst ranged from 9 to 17 �N. Beyond the critical
load, stairlike increases in the indentation load were ob-
served, and the displacement went up to �220 nm under a
�70 �N force. For the deformation mode B �Fig. 2�b��,
however, the critical loads are noticeably higher, ranging
from 24 to 30 �N. On the other hand, the displacement
under the same 70 �N force was only �80 nm, much
smaller than that in mode A. It appears that the SiNLs in
mode B had a much higher indentation stiffness than those in

FIG. 1. �Color online� SEM images of the parallel SiNLs, with 24 nm
linewidth and 380 nm height. The line pitch is 390 nm. �a� Plan view; the
bright lines are SiNLs. �b� Cross-sectional view with 60° tilt angle. A small
trench pattern is specially designed at one end of the line to facilitate the
cross-sectional SEM imaging showing the sharp edges due to the anisotropic
etching.

FIG. 2. �Color� Load vs displacement curves from the nanoindentation tests
of the 24 nm SiNLs. �a� Deformation mode A and �b� deformation mode B.
The SiNLs appeared to be stiffer than those in �a�, with higher critical loads
for the first displacement burst and smaller indentation displacements under
similar indentation forces.
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mode A, although the indentation load-displacement curves
before the critical load were essentially identical. Since the
indentation tests were performed on the same array of SiNLs
at different locations, the two different deformation modes
were most likely due to the variation in local contact prop-
erties as a result of surface irregularities of the spherical tip
and SiNLs. Our previous study on the 74 nm SiNLs sug-
gested that even for the same buckling mode, the critical load
depends on the local contact friction between the indenter
and the SiNLs.5,13 It is found from the present study that for
the high-aspect-ratio 24 nm SiNLs, variation in the local fric-
tion property can lead to two drastically different buckling
modes �see Fig. 3�.

Owing to their narrow linewidth and high aspect ratio,
the critical indentation loads for the 24 nm SiNLs are much
lower than those of the 74 nm lines reported in the previous
work.5 On the other hand, the maximum indentation dis-
placement for the 24 nm SiNLs was larger, up to 220 nm.
This displacement is about 58% of the line height. Remark-
ably, as shown in both Figs. 2�a� and 2�b�, the significant
displacements appeared to be fully elastic, with no residual
deformation observed after the withdrawal of the indenter for
multiple experiments. Furthermore, the unloading paths in
each set of the indentation tests coincided well with each
other, indicating a good repeatability in the experiments. As
will be shown later, the large recoverable deformation of the
SiNLs was a result of significant bending as the vertically
aligned nanolines buckled elastically under indentation.

IV. MODELING AND DISCUSSIONS

A finite element model �FEM� was developed to simu-
late the indentation tests. The model was similar to that de-
scribed in our previous work.5,13 Since the indenter was lo-
cated precisely on the trench center in the indentation tests,
the relative tip location was fixed in the model, while the
friction coefficient at the contact between the indenter sur-
face and the SiNLs was varied. A simple Coulomb friction

model was adopted to study the effect of the frictional con-
tact. The indenter was modeled as a rigid body with a spheri-
cal surface of radius of 3.5 �m. In each simulation, a verti-
cal displacement was applied to a reference node of the
indenter, and the indentation force was determined from the
reaction force at the reference node. Since the indentation
deformation was typically localized within a region much
smaller than the area of the SiNL gratings, the boundary
conditions at the ends of the nanolines have negligible effect
as long as the tip of the indenter was located more than about
5 �m away from the boundaries. In the model, the line
length was set to be 6 �m, which was deemed sufficient to
simulate the local deformation of the long lines. The elastic
properties of bulk silicon were used for the SiNLs, which
was justified by the close agreement in the load-displacement
curves �up to the critical load� between the modeling results
and the measurements. The agreement also suggested that
the elastic properties of Si effectively remain size indepen-
dent with the linewidth of 24 nm.

Figures 3�a� and 3�b� show the simulated deformation of
SiNLs under indentation with two different friction coeffi-
cients at the contact. With a relatively low friction coefficient
��=0.04�, the SiNLs buckled outward with significant slid-
ing along the indenter surface. A transition from predominant
compression to bending deformation of the SiNLs leads to
the observed displacement burst at a critical load, similar to
the buckling instability of a compressed column. When the
friction coefficient is higher ��=0.06 in Fig. 3�b��, however,
the frictional force at the contact surface prevents the two
innermost SiNLs from sliding outward, leading to a different
buckling mode. The friction coefficient required to prevent
sliding depends on the contact angle. A simple analysis �see
the Appendix� predicts that the critical friction coefficient is
�c=S /2R, where S is the trench width of the SiNLs and R is
the radius of the indenter tip. This corresponds to a value of
�c=0.052 for the SiNLs in the present study, in agreement
with the FEM numerical simulations. In Fig. 3�b�, the outer
two SiNLs slid outward because an even larger frictional
coefficient ���0.11� is required to prevent sliding of these
lines further away from the tip. Figure 4 plots the critical
loads obtained from the numerical simulations versus the
local friction coefficient, clearly showing the transition from
the first buckling mode ����c� to the second buckling
mode ����c�.

Figure 5 shows the comparisons between the indentation
force-displacement curves from the numerical simulations

FIG. 3. �Color� Finite element simulations of the 24 nm SiNLs under inde-
nation. �a� Deformation mode A: The nanolines buckled with significant
sliding at the contact with a low friction coefficient, ��0.05. The indenta-
tion displacement was 220 nm. �b� Deformation mode B: The two center
lines buckled with no sliding at the contact point for a higher friction coef-
ficient ��=0.06�. The indentation displacement was 60 nm in this case. The
red arrows indicate the locations of the maximum tensile stresses that may
eventually cause fracture.

FIG. 4. �Color� The critical indentation load predicted by the FEM model as
a function of the friction coefficient between the indenter and the SiNLs.
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with low friction coefficients ���0.05� and the experimen-
tal data corresponding to the deformation mode A. The effect
of friction coefficient in this regime is illustrated in Fig. 5�a�.
All the simulated force-displacement curves coincided in the
initial loading part, where the deformation of the SiNLs was
predominantly compressive and thus insensitive to the fric-
tion at the contact. For each simulation, a critical load is
identified, beyond which the indentation force dropped as the
displacement kept increasing until more lines were brought
into contact. This predicts a sudden burst in displacement
�horizontal arrows in Figs. 5�b�–5�d�� at the critical load un-
der a load-control experiment. The calculated critical load
increased from 7 to 29 �N as the friction coefficient � in-
creased from 0 �frictionless� to 0.05. Therefore, as the con-
tact friction increases, the barrier increases for the onset of
sliding and thus buckling of the SiNLs. It is noted that in the
experimental data of Fig. 2, the force dropped slightly after
the critical load as the displacement burst occurred. This phe-
nomenon was due to the fact that the feedback control used
in the indentation system was an open-loop type, and thus
the indentation force could not be fully controlled. To
achieve better control of the loading profile, upgrading of the
feedback control to a close loop is in progress for future
studies.

In Fig. 5�b�, the simulated indentation curve with the
friction coefficient �=0.02 predicted a critical buckling load
of 10 �N and a displacement burst of �25 nm �from A to
B�, which compare well with two sets of experimental data.
In Figs. 5�c� and 5�d�, numerical simulations with �=0.03
and 0.04 are compared to the other three data sets in the
deformation mode A. The results indicate that both the criti-
cal load and the displacement burst increase with the friction
coefficient depending on the local surface condition over the
area of patterned SiNLs. The sensitivity of the critical load
on the friction coefficient thus offers a potential approach for

probing the local surface properties at nanoscale. Through
these comparisons, the friction coefficients were estimated to
be around 0.02–0.04 for the experiments in the deformation
mode A. These friction coefficients are larger than that in a
previous work for SiNLs with a 74 nm linewidth.5 The dif-
ference likely comes from the different contact conditions,
including different indenter tips used in the tests and the
different line dimensions.

Figure 6�a� shows four sets of simulated load-
displacement curves with friction coefficient � ranging from
0.04 to 0.1. As the friction coefficient increased from 0.04 to
0.06, the critical load increased significantly from 16 to
55 �N due to the change in the buckling mode, as illustrated
in Fig. 3. Within this range, the indentation response of the
SiNLs �e.g., the critical load and the magnitude of displace-
ment burst� is very sensitive to the friction coefficient. Fur-
ther increasing the friction coefficient from 0.06 to 0.1, the
simulations showed little change in the indentation curves.
Once the frictional force is sufficient to prevent sliding of the
SiNLs, the critical load and the postbuckling behavior be-
come insensitive to the friction coefficient.

Figure 6�b� compares the simulated load-displacement
curves with friction coefficients �=0.05 and 0.06 to the ex-
perimental data of the deformation mode B �Fig. 2�b��. It can
be seen that the FEM results matched reasonably well with
the experimental data up to the critical load. The critical
loads from the three indentation tests were in a range of
24–30 �N, close to the simulation with �=0.05. However,
the magnitude of displacement bursts in the experiments was
much smaller and the postbuckling response lay in between
of the two simulation curves. One possible scenario for this
behavior is the following: while the initial friction coefficient
at the contact was around 0.05 and thus led to the observed
critical load, a small increase in the friction coefficient oc-
curred as the SiNLs slid along the indenter surface, and the

FIG. 5. �Color� Indentation force-
displacement curves from finite ele-
ment simulations of the 24 nm SiNLs.
�a� Variation in the friction coefficient
� from 0 to 0.05, showing an increase
in the critical load as � increased.
��b�–�d�� Comparisons between the
simulated load-displacement curves
and the experimental data. The dis-
placement bursts predicted by the
FEM simulations are indicated by the
horizontal arrows.
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change of the surface conditions at the contact prevented
further sliding of the SiNLs. The nonuniform contact sur-
faces and the sensitivity of the buckling behavior for the
friction coefficients between 0.05 and 0.06 could result in a
hybrid buckling mode, as sketched in Fig. 6�c�, different
from the two buckling modes �Figs. 3�a� and 3�b�� obtained
from the numerical simulations with uniform friction coeffi-
cients.

V. FRACTURE OF SINLS

While Fig. 2 shows recoverable deformation of the
SiNLs after remarkably large indentation displacements, fur-
ther increasing of the peak load of the indentation tests led to
irrecoverable residual deformation after unloading. Two rep-
resentative load-displacement curves are shown in Fig. 7�a�
for such indentation tests, with the corresponding SEM im-
ages in Figs. 7�b� and 7�c�. Clearly, fracture of the SiNLs
occurred in these tests. The two indentation curves in Fig.
7�a� represent two different fracture behaviors of the SiNLs,
correlating with the two deformation modes observed in Fig.
2. Test 1 had a relatively low critical load for the initial
displacement burst, similar to the deformation mode A. Test
2 had a critical load similar to the deformation mode B.
While the maximum indentation displacement in test 2
��270 nm� was smaller than that in test 1 ��320 nm�, it is
interesting to note that the SiNLs in test 2 were crushed into
a large number of small fragments �Fig. 7�c��, while in test 1
much less fragments were observed �Fig. 7�b��. It is thus
conceived that the different buckling modes of the SiNLs, as
shown in Fig. 3, lead to different fracture behaviors. For the

first buckling mode �Fig. 3�a��, the maximum tensile stress
occurs at the root of the two innermost SiNLs. As the maxi-
mum tensile stress reaches the fracture strength, cracks
nucleate and propagate, resulting in relatively large frag-
ments. For the second buckling mode �Fig. 3�b��, the maxi-
mum tensile stress could occur at multiple locations, as indi-
cated by the arrows. Consequently, nucleation of multiple
cracks may occur simultaneously and lead to a large number
of small fragments. Therefore, the friction property at the
contact not only determines the buckling mode �thus the

FIG. 6. �Color� �a� Simulated load vs displacement curves of the 24 nm
SiNLs under indentation with friction coefficient � varying from 0.04 to
0.10. �b� Comparison between the experimental data of deformation mode B
�Fig. 2�b�� and the simulated load-displacement curves with friction coeffi-
cients �=0.05 and 0.06. The magnitude of the displacement burst in each
case was indicated by the horizontal arrows. �c� A schematic illustration of a
hybrid buckling mode, with the top trapped after a partial sliding, possibly
due to nonuniform friction properties at the contact surfaces.

FIG. 7. �Color online� Further increase in the indentation load far beyond
the critical load resulted in the fracture of SiNLs, with large residual dis-
placements observed after unloading of the indenter. �a� Load-displacement
curves from two indentation tests, which showed the characteristic of defor-
mation modes A and B, respectively. �b� and �c� are two SEM images of the
fractured SiNLs after tests 1 and 2, respectively.
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critical load and the displacement burst� but also leads to
different fracture behaviors of the SiNLs.

Comparing the force-displacement curves in Fig. 2�a� to
test 1 in Fig. 6�a�, it is conjectured that the fracture of the
SiNLs occurred at a critical indentation displacement be-
tween 220 and 250 nm, under the deformation mode A. The
critical strain to fracture is thus estimated to be 7.5%–9.7%
based on the maximum principal strain in the SiNLs calcu-
lated from the FEM simulations under the same indentation
displacements. The deformation of the SiNLs under an in-
dentation displacement of 220 nm is shown in Fig. 3�a�. We
note that the estimated strain to failure is much higher than
that for bulk silicon ��1%�,15 but similar fracture strains
have been reported for micron to nanoscale Si beams and
nanowires.5,16,17 More systematic experimental data are
needed for statistical analysis of the fracture phenomena to
further understand the scale effect on the fracture of silicon.

VI. CONCLUSIONS

The present study demonstrated a top-down process
combining EBL and AWE techniques to fabricate high-
quality SiNLs with the linewidth as small as 24 nm and the
height-to-width aspect ratio above 15. SiNLs fabricated by
the present approach without reactive-ion- or plasma-
etching-induced damage in the pattern transfer process had
nearly atomically smooth sidewalls, perfectly rectangular
cross sections, and a highly uniform linewidth. The nanoin-
dentation technique along with FEM simulations was used to
quantitatively characterize the buckling and contact friction
of the SiNLs. The geometry and the dimension of the SiNLs
enabled us to precisely position the indentor tip at the trench
center between two adjacent lines so that the contact con-
figuration and friction can be quantified. The friction at the
contact between the tip of the indenter and the SiNLs was
found to play a critical role in determining the buckling
modes and fracture mechanisms of the SiNLs. Friction coef-
ficients in the range of 0.02–0.05 were deduced from the
present study at the nanoscale. These are much smaller than
those reported at larger scales ��0.1�.18,19 This interesting

result of the scaling effect on friction may be due to the
highly localized nature of the nanoscale contact and shall be
further investigated.
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APPENDIX: ESTIMATION OF THE CRITICAL FRICTION
COEFFICIENT

As shown schematically in Fig. 8, the contact forces act-
ing on the nanoline include a normal force N and a friction
force f . By the Coulomb friction model, the friction force is
proportional to the normal force, i.e., f =�N, where � is the
friction coefficient at the contact. The normal force has a
horizontal component that pushes the nanoline to slide away
from the tip, while the horizontal component of the friction
force opposes sliding. The competition defines a critical con-
dition when the two horizontal components are balanced,
i.e., N sin �= f cos �, where � is the contact angle between
the normal direction of the indenter surface and the vertical
nanoline. Consequently, the critical friction coefficient is
�c=tan �. For the present study, since the tip radius is much
larger than the linewidth and line spacing, the contact angle
� is small and, approximately, ��S /2R, where S is the
trench width and R is the tip radius of the indenter. Thus, we
have �c�S /2R.
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