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Surface effects on the elastic modulus of Te nanowires
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Nondestructive elastic property measurements have been performed on Te nanowires with diameters
in the range 20-150 nm. By using contact resonance atomic force microscopy, the elastic
indentation modulus perpendicular to the prismatic facets of the nanowires has been accurately
quantified. In this diameter range, a pronounced size dependence of the modulus has been observed:
an invariant value consistent with Te bulk properties for large wire diameters, followed by a
nonlinear increase with decreasing diameter, and finally an almost doubling of the modulus for Te
nanowires thinner than 30 nm. A model based on surface stiffening describes the observations.
© 2008 American Institute of Physics. [DOI: 10.1063/1.2945285]

The ability to investigate the properties of nanostructures
enables both the elucidation of physics governing materials
at this scale as well as building new functional devices of
smaller size. Great effort has been extended recently to fab-
ricate one-dimensional (1D) structures such as nanotubes,
nanowires (NWs), and nanobelts'? and to understand their
properties as a function of material, size, and sha1pe.3_7 The
unique combination of piezoelectric thermoelectric, and non-
linear optical properties8 of elemental tellurium (Te), as well
as its inherent crystallographic anisotropy, make 1D Te nano-
structures very promising candidates for nanoscale electronic
and optoelectronic devices." As is the case with any 1D
nanostructure, accurate knowledge of the mechanical proper-
ties of those made of Te is required prior to integration into
functional devices.

In the past few years, various techniques have been de-
veloped to provide direct measurements of the mechanical
properties of wirelike 1D structures: bending of suspended
or as-grown nanofilaments by atomic force microscopy
(AFM),9 static and dynamic nanoindentations,s’10 transmis-
sion electron microscopy (TEM) using in sifu electrome-
chanical resonance,” as well as monitoring the cantilever
dynamics in contact resonance AFM (CR-AFM).® In this
work, the elastic moduli of Te NWs, of various thicknesses
in the 20—150 nm range, have been measured using CR-
AFM. The indentation modulus on the prismatic facets of the
NWs was found to depend on the thickness of the NWs. By
considering a surface stiffness enhancement in the outerlay-
ers of NWs as a function of NW thickness, the measured size
dependence of the elastic modulus of Te NWs is well ex-
plained over the investigated range.

Te nanostructures were grown on Si(100) substrates by a
thermal vapor-transport deposition method. At 180 °C, the
deposition mainly provided long (2—10 wm) Te NWs of uni-
form cross section. The morphology of the Te NWs so ob-
tained was examined using a field emission scanning elec-
tron microscope (FESEM) (Hitachi S-4700-11I) equipPed with
an electron backscatter diffraction (EBSD) detector. 2 EBSD
patterns on the top facets of NWs showed that these facets

were crystallographically the same (1010) plane of the Te
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hexagonal lattice and the NW growth direction was the
c-axis. Also, single-crystal structure, [0001] growth direc-
tion, and faceting of Te NWs were revealed in high-
resolution transmission electron microscopy. In Fig. 1 are
shown such NWs at different magnifications: A FESEM im-
age in Fig. 1(a) encompasses many Te 1D filaments; a higher
magnification AFM image of a Te 7-junction made by a
nanobelt and a nanowire is shown in Fig. 1(b); and in Fig.
1(c) a 500 nm segment of the wire length from Fig. 1(b) is
further detailed by AFM scanning. The wire cross section as
observed by AFM shown in Fig. 1(c) is rectangular, and this
was the case for all the Te NWs investigated here. As the
vertical profile of the walls is not resolved accurately by
AFM, the observed rectangular cross section could, in fact,
originate from an elongated hexagonal section.

In CR-AFM, the contact between an AFM probe and the
tested material, in our case the top facet of a NW, is vibrated
by a very small amplitude oscillation at frequencies in the
kilohertz to megahertz range.w’14 Here, a lock-in amplifier
with an internal signal generator (7280 Signal Recovery
AMETEK)'? was used to mechanically vibrate the AFM can-
tilever probe forming one-half of the contact and collect the
high-frecluency response signal from the AFM photodiode
detector."” This additional instrumentation was connected to

FIG. 1. (Color online) (a) FESEM image of Te NWs. (b) CR-AFM mea-
surements are performed at locations 1, 2, and 3, to measure the contact
stiffness on Si(100) substrate, Te nanobelt, and Te NW, respectively. (c) A
500 nm segment of the investigated Te NW is shown in detail using AFM.
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FIG. 2. (Color online) The shift in the resonance frequency of the first two
vibrational CR-AFM modes from air to contact on a 25 nm diameter Te NW
and Si(100).

an AFM (Veeco Multimode III)."> The AFM probes (PPP-
SEIH NanoSensors)'? were single-crystal Si cantilevers
made with integrated Si tips. The spring constant k. of the
cantilevers used was around 10 N m™', as determined by the
thermal-noise method.'® Throughout the measurements, a
static load of about 250 nN was constantly maintained on the
tip-NW contacts. This applied load was larger than the adhe-
sive contact forces but small enough to produce only elastic
deformation at the contact and no deformation contribution
from the Si substrate.

When an AFM probe is brought into contact, the reso-
nance frequency of the attached cantilever undergoes an in-
crease determined by the stiffness of the contact between the
probe and the sample. This “contact stiffness,” k*, is calcu-
lated from the measured resonance frequency by modeling
the system as a clamped-coupled vibrating beam.">'* In the
limit of Hertzian contact mechanics, k* is determined by the
contact radius, a, and the reduced elastic modulus of the
contact, E*, k*=2aE*."” The reduced elastic modulus is
given by the indentation moduli of the tested material, M,
and the AFM tip, My, E*=(1/M+1/My)~". For an isotropic
material, the indentation modulus is simply expressed in
terms of Young’s modulus E and Poisson’s ratio v, M
=E/(1-1?%), whereas numerical calculation is required for
anisotropic materials."® In CR-AFM, an accurate quantifica-
tion of the indentation modulus M of a given material is then
provided by the ratio of the contact stiffnesses, k.; and k*,
obtained from the CR-AFM frequencies measured succes-
sively on a reference material of known elastic modulus and
the material tested as follows:"

UM = (kK k) > (1M o+ 1/M7) = 1/M . (1)

Te NWs of different diameters lying on the same sub-
strate were localized by tapping-mode AFM followed by
CR-AFM measurements performed back and forth on top of
the wire and the Si(100) substrate, as indicated in Fig. 1(b).
Figure 2 shows the shift in the resonance frequency of the
AFM cantilever from air to contact on a 25 nm thick Te NW
and Si(100) substrate, respectively. The normalized contact
stiffness, k*/k., was calculated from the first two contact
resonance frequencies by using the clamped-coupled beam
model."* The corresponding indentation modulus was then
calculated by means of Eq. (1). In addition to the contact
stiffness values, Mg;(100)=164.8 GPa was used in Eq. (1) for
the indentation modulus of the reference substrate and the
probe tip.
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FIG. 3. (Color online) (a) Indentation modulus M of Te NWs as a function
of NW thickness. The dashed lines indicate the maximum (very thin NWs)
and minimum (very thick NWs) extreme values.

As the thickness of the NWs decreased, the measured
contact resonance frequencies were observed to shift to
greater and greater values. In terms of the elastic response,
this indicates an increase in the elastic modulus, as can be
seen in Fig. 3. Starting from values slightly greater than
45 GPa for NWs thicker than 100 nm, the increasing trend in
the indentation modulus plateaued around 85 GPa for NWs
with diameters less than 30 nm. A similar enhancement fac-
tor of 1.5-2 has been measured, by different techniques, for
the size-dependent elastic modulus of other metallic (Ag and
Pb)’ as well as nonmetallic [ZnO (Refs. 4 and 6) and CuO
(Ref. 7)] NWs. However, the behavior observed here differs
from that reported for other types of NWs for which the
elastic modulus was found to increase continuously with the
reduction in diameter.**%’

The observed size dependence in the mechanical proper-
ties of these nanostructures can be understood by considering
a surface stiffness effect’*® and the large surface-to-volume
ratio at the nanoscale.” It has been shown in atomistic com-
puter simulations®' that a significant tensile strain accumu-
lates in the near-surface layers of NWs as a result of the
reduced atom coordination and distorted symmetry. This de-
termines, in turn, a progressive lattice contraction from out-
side to inside and places the inner core in compression. The
accumulated strain leads thus to nonlinear elastic effects such
that the surface is stiffened relative to the bulk.

To quantify the contribution of surface stiffening to the
observed axial Young’s modulus of ZnO NWs, Chen et al®
considered a NW composed of a NW core made of bulk
material and a stiffer NW shell of constant thickness, coaxial
with the core. Following this interpretation, a linear variation
of the shell thickness s as a function of the NW thickness 7
can be assumed over the elastic modulus size-dependent
range in our measurements as follows:

2s= tmin(tmax - t)/(tmax - tmin)’ (2)

where t,,. and f.;, approximately delimitate the size-
dependent elastic modulus range: f,,,, is the NW thickness
above which the shell is of negligible thickness and ¢, is
the NW thickness below which the measured elastic modulus
is that of the stiffened shell; core-shell diagrams for the con-
sidered thickness range are shown in the inset of Fig. 3. We
used a model considering a probe tip indenting the composite
shell-core structure, similar to the case of an indented coated
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substrate,” to separate the elastic contributions of the core
and shell in our measurements as follows:

M= I(g)Mshell + [1 - I(g)]Mcore- (3)

M. and My, are the indentation moduli of the core and
the shell, respectively, and &=s/a is the shell thickness s
normalized to the contact radius a. I(&)=(2/)arctan(§)
+[(1-2v)éIn(1+ED)-¢/(1+8)]/2m(1-v) is a weighting
function of & and Poisson’s ratio v, here taken to be the same
for both core and shell.

We have applied the above model to fit the measured
indentation modulus on Te NWs in the thickness range where
the shell is presumably thinner than the core. From the
observed plateaus, we deduced a value of approximately
85 GPa for Mgy, and 46 GPa for M_,.. With My, and
M., determined from the two limiting regions, a good fit is
provided by Eq. (3) in the transition region with fit param-
eters of #,;,=29 nm, ¢,,,=100 nm, and a=4 nm.” The fit
given by the model is within the gray band in Fig. 3 as the
Poisson’s ratio was varied from 0.1 (upper edge) to 0.4
(lower edge). The applicability of the model is restricted
from the domain of thin NWs in which the core is reduced in
thickness so much that it cannot be considered as a substrate
for the indented shell. Very little variation in the elastic
modulus is observed for NWs thinner than 30 nm, suggest-
ing that when the shell extends over the entire NW thickness,
the attendant lattice contraction and disorder is less of an
energy penalty than that required to reach the equilibrium
interatomic order of the bulk core. The average thickness of
the shell for the Te NWs measured here, t,,,/4=7.2 nm, is
comparable with the values reported previously for ZnO
NWs, 4.4 (Ref. 4) and 12 nm,6 respectively. Here, a caveat
regarding overinterpretation is in order: A different shell
thickness is implied by the 12% reduction in indentation
modulus observed in our measurements for a wide nanobelt
compared with a NW of the same thickness [locations 2 and
3 in Fig. 1(b)]. This observation, consistent with the recently
measured width-to-thickness dependence of the elastic
modulus of ZnO nanobelts,’ suggests an aspect-ratio depen-
dence for moduli, as well as a scale dependence for nano-
structures.

Although the above interpretation is more intuitive than
fundamental, it captures the size-dependent effects observed
in elastic modulus measurements on NWs and provides a
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simple explanation for the surface stiffness enhancement in
NWs of reduced diameters that must limit more physically
based explanations drawn from atomistic modeling21 or first-
principles density functional theory.24
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