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ARTICLE INFO ABSTRACT

Quantitative measurements of the elastic modulus of nanosize systems and nanostructured materials
PACS: are provided with great accuracy and precision by contact-resonance atomic force microscopy (CR-

62.25.—g AFM). As an example of measuring the elastic modulus of nanosize entities, we used the CR-AFM
technique to measure the out-of-plane indentation modulus of tellurium nanowires. A size-dependence
Keywords: of the indentation modulus was observed for the investigated tellurium nanowires with diameters in

Contact-resonance atomic force microscopy
Nanoscale elastic property measurements

the range 20-150 nm. Over this diameter range, the elastic modulus of the outer layers of the tellurium
nanowires experienced significant enhancement due to a pronounced surface stiffening effect.
Quantitative estimations for the elastic moduli of the outer and inner parts of tellurium nanowires of
reduced diameter are made with a core-shell structure model. Besides localized elastic modulus
measurements, we have also developed a unique CR-AFM imaging capability to map the elastic modulus
over a micrometer-scale area. We used this CR-AFM capability to construct indentation modulus maps
at the junction between two adjacent facets of a tellurium microcrystal. The clear contrast observed in

the elastic moduli of the two facets indicates the different surface crystallography of these facets.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Mechanical property measurements at the nanoscale are
critical in optimizing and predicting the performance and
reliability of emerging micro- and nano-electronic and electro-
mechanical devices. The metrological challenges being overcome
are poised to enable reliable characterization at this scale and, in
this way, provide quantification and understanding of the
mechanical properties at the nanoscale: a link between atomistic
simulations and micromechanical models.

Efforts dedicated to enabling non-destructive and in situ
measurements of the elastic properties of materials at the
nanoscale have produced a distinct class of atomic force
microscopy (AFM)-based techniques which make use of the AFM
tip-material surface dynamics: contact-resonance AFM (CR-AFM)
(which includes atomic force acoustic microscopy [1] and
ultrasonic AFM [2]), ultrasonic force microscopy [3], heterodyne
force microscopy [4], passive overtone microscopy [5], resonant
difference-frequency atomic force ultrasonic microscopy [6], and,
lately, torsional harmonic dynamic force microscopy [7]. Easily
implemented by adding minimal instrumentation to a commer-
cial AFM and providing direct interpretation of the measurements,
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CR-AFM has been used for local point measurements as well as
imaging elastic properties with nanoscale resolution. CR-AFM has
been used successfully to quantify the elastic properties of a large
variety of materials and structures: piezoelectric ceramics [8],
metal films [9], diamond-like carbon films [10], glass-fiber-
polymer matrix composites [11], clay minerals [12], polycrystal-
line materials [13], and nanostructures (nanobelts [14], nanowires
[15], and nanotubes [16]).

In this work we demonstrate CR-AFM capabilities by providing
quantitative elastic property measurements in two applications:
(i) measurement of the indentation modulus of tellurium (Te)
nanowires (NWs) by use of CR-AFM in spectroscopy mode and (ii)
mapping of the indentation modulus of Te microcrystal facets by
means of a fast CR-AFM imaging mode. In both cases, the
measured contact-resonance frequencies are converted into
tip—sample contact stiffness by considering the dynamics of the
clamped-spring coupled cantilever and, then, by resolving the
appropriate tip—sample contact geometry, the contact stiffness is
converted into the local elastic modulus of the sample tested.

From CR-AFM measurements made on Te NWs of various
thickness, the elastic properties of the outer surface layers of these
nanostructures have been probed and surface stiffening effects
observed. As the contact morphology between the spherical AFM
tip and the top flat facets of Te NWs is preserved in these
measurements, the change in the contact-resonance frequencies
directly reflected the change in their elastic properties. A
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consistent increase in the elastic modulus of Te NWs with a
reduction in NW thickness demonstrates the size-dependence of
NW surface stiffness.

Using CR-AFM imaging we have mapped the elastic modulus
over micrometer-scale areas of two adjacent facets of a Te
microcrystal and a different elastic contrast was observed on
each facet. The facets were topographically observed to be part of
some very shallow pyramidal-type structures that are formed on
the otherwise flat tops of Te microcrystals. This indicates that the
investigated facets could originate from nanosize-step termina-
tions in planes of high crystallographic indices.

2. CR-AFM: spectroscopic measurements on Te nanowires
2.1. CR-AFM methodology

At small applied loads, the elastic deformation experienced by
the tip-sample contact is characterized by a contact stiffness. In
CR-AFM, this contact stiffness is determined from the measured
resonance frequencies of the cantilever when the probe is brought
into contact with the sample. These contact-resonance frequen-
cies undergo distinct shifts from the free-resonance frequencies of
the cantilever vibrated in air. The contact-resonance frequency of
a given vibrational mode of the cantilever will be in the range
from the free-resonance frequency of that mode to the free-
resonance frequency of the next mode, depending on the
mechanical properties of the material probed and the applied
load. Once the contact-resonance frequencies are measured, the
contact stiffness is calculated by considering the cantilever
dynamics in a clamped-spring coupled beam configuration:
clamped at the base of the cantilever and spring coupled at the
end of the cantilever. This can be done by solving the following
characteristic equation, which provides the dispersion relation-
ship for the wavenumbers k;, (directly related to the contact-
resonance frequencies, f;) of the flexural vibrations of the
clamped-spring coupled cantilever as a function of the contact
stiffness k* [1]:

[sinh k;L; cos kyLy — sinkjL; cosh k;Lq]
x (1 + cos kL, cosh kiLy)
+ [cosh kL sin kL, — sinh ki L, cos k;,L,]
x (1 — cos k,L; coshkiLy)
_ 2k
T 3k*
where k. is the stiffness of the cantilever. In the above equation,
the tip position along the cantilever is accounted for by solving
together the wave equations of flexural vibrations in the two parts
delimitated by the tip along the cantilever length. The first part, of
length Ly, is between the clamped base of the cantilever base the
tip position. The second part, of length L,, is between the tip
position and the free end of the cantilever. The entire length of the
cantilever is L = L + L,. For each vibrational eigenmode n of the
cantilever, the wavenumbers ki, in the clamped-spring coupled
configuration are related to the wavenumbers k™ in the
clamped-free configuration by the square root of their corre-

sponding resonance frequencies, < and ¢, respectively,

kvrsl _ ’<’f1ree /f;:‘l/fgree' (2)

The wavenumbers k™ can be obtained by simply solving the

characteristic equation for the flexural free vibrations of the
cantilever [1]:

(KSL1)3(1 + cos kL cosh kS L), (1)

1+ cos(k™eL) cosh(k™eL) = 0. (3)

Thus, by using the solutions of Eq. (3) (kL =1.875, ki*°L =
4694, ...) [1] and the measured resonance frequencies of the
cantilever, in air and in contact, Egs. (2) and (1) can be used to
calculate the contact stiffness k* normalized by the cantilever
stiffness k.. This procedure is exemplified in Figs. 1(a) and (b) for
CR-AFM spectroscopic measurements on a Si(1 00) surface. Figs.
1(c) and (d) show how the flexural resonance vibrations of the
cantilever are modified when the free end of the cantilever is
attached to a spring of the same stiffness as the contact stiffness.
With the measurement of at least two resonance frequencies
(usually the first two modes) the position of the tip along the
cantilever is also unequivocally determined from a set of two
equations (1). Other factors such as lateral coupling stiffness or tilt
angle of the cantilever with respect to the sample surface are
ignored here as their effects are negligible for the configuration of
our experiment. A complete review of the complex dynamics of
the cantilever in CR-AFM can be found in Ref. [17].

The contact stiffness k* is then related to the elastic properties
of the sample through a contact model that adequately describes
the established contact geometry. The loads applied in CR-AFM
are greater than adhesion contact forces such that the tip-sample
contact experiences repulsive contact forces in the linear elastic
regime. In this case, a proper description of the contact
deformation is given by the Hertz model, with the contact
stiffness related to the contact radius a. and elastic moduli of
the tip and sample:

k* = 2acE*. (4)

E* =1/(1/Mr + 1/Ms) is the reduced elastic modulus of the
tip-sample contact and is given by a combination of the
indentation moduli of the tip, M, and sample, Ms. In the case of
an elastically isotropic material, the indentation modulus is
defined simply in terms of Young’s modulus E and Poisson’s ratio
v, M =E/(1 —v?). Anisotropic contributions to the indentation
modulus can be addressed either theoretically [27] or experimen-
tally [13].

The necessity for knowing the contact radius in Eq. (4) is
obviated by making successive CR-AFM measurements on the
sample tested and a reference material with known elastic
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Fig. 1. (a) The shifts in the first and second resonance frequencies of a cantilever
from air to contact on Si(100). (b) With the resonance frequencies shown in (a),
the contact stiffness between tip and Si(100) is calculated by using the
clamped-spring coupled model for the cantilever [1] (continuous curves). First
(c) and second (d) flexural resonance vibrations of the free and spring-coupled
cantilever with the contact stiffness calculated in (b).
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modulus. By taking the ratio of the measured contact stiffnesses
on the sample, k¢, and reference, kg, the elastic modulus of the
sample, Ms, is calibrated with respect to that of the reference, Mg,
by

1/Ms = (ky /k&)" /MR + [(kg /k&)" — 11/MT, (5)

where n =1 for a flat tip and n = 3 for a spherical tip in contact
with a flat surface. Furthermore, the use of two reference
materials eliminates the need for knowing or assuming a value
for the indentation modulus of the tip [28].

2.2. Experimental set-up for CR-AFM spectroscopy

In CR-AFM, to measure the contact-resonance frequencies of
the system, the contact is mechanically vibrated by a very small
amplitude oscillation at frequencies in the kilohertz to megahertz
range. In our experimental set-up, a lock-in amplifier with internal
signal generator (7280 Signal Recovery AMETEK, Oak Ridge, TN,
USA) [29] was used to vibrate the cantilever of the probe brought
in contact with the sample (in this work the top facets of Te NWs).
In each CR-AFM measurement, the modulation frequency was
swept over large ranges to detect the shift in the cantilever
resonances. The contact-resonance frequencies were identified in
the high-frequency response collected from the AFM photodiode
detector. The instrumentation needed in these CR-AFM measure-
ments was developed on a LabView (National Instruments, Austin,
TX, USA) [29] base and attached to a commercial AFM (Veeco
MultiMode II, Santa Barbara, CA, USA) [29]. The AFM probes (PPP-
SEIH NanoSensors, Neuchatel, Switzerland) [29] used in this work
were single-crystal Si cantilevers made with integrated Si[100]
tips. The spring constant of the cantilevers used was around
10Nm~! as determined from measurements of their thermal-
noise [26]. A constant static load, about 250 nN, was applied to the
tip-sample contact in each measurement. This load was large
enough to exceed the adhesion forces but small enough to
maintain the contact deformation in the elastic regime and
produce no contribution from the Si substrate for Te NWs thicker
than 20 nm.

2.3. Te NWs fabrication and structure analysis

In the past few years, the synthesis of Te nanostructures in
form of nanowires, nanobelts, and nanotubes has received distinct
attention [18-22]. Such efforts are aiming to exploit various
conducting, photoconducting, thermoelectric, and piezoelectric
properties of Te in developing new nanoscale electronic and
optoelectronic devices [23-25].

In this work, Te nanostructures were fabricated on Si(100)
substrates by a vapor-transport deposition method. A quartz boat
with high purity elemental Te powder (99.99%, Alfa Aesar, Ward
Hill, MA, USA) was placed in the central part of a horizontal
alumina tube furnace. Several Si(100) substrates, ultrasonically
cleaned in acetone and isopropanol, were placed downstream at
different locations; the temperature of these locations was
determined prior to the growth by measuring the temperature
profile of the furnace. Before deposition, the system was
evacuated to about 60Pa and purged with ultra-high purity gas
(5% Hy —N;). The furnace was heated to 450°C (the melting
temperature of Te), kept at this temperature for 120 min, and then
slowly cooled with continuous gas flow of 100 sccm. Although Te
nanostructures in the form of wires, rods, and branched structures
were obtained for any condensation temperature in the range
130-250°C, deposition at the selected temperature of 180°C
mainly produced straight NWs (2—10 um long) of uniform cross-
section (see Figs. 2(a) and (b)). Under such conditions, Te NWs

a \ b

Fig. 2. AFM images (a) encompassing many Te NWs dispersed on a Si substrate as
well as (b) a selected region of a single Te NW show the uniform cross-section and
flatness of the top facets of these NWs. (c) Based on the observed diffraction
pattern (insert), the crystallographic orientation of one of the Te NWs is shown on
the TEM image. (d) Portion of the NW shown in (c) is further detailed by high-
resolution TEM.

have been observed to grow parallel to the substrate, both ends
exhibiting the same morphology.

Energy-dispersive X-ray spectroscopy studies confirmed that
the grown nanostructures consist of Te and X-ray diffraction
spectra were indexed to pure hexagonal Te. The crystallographic
structure of Te NWs measured in this work was further elucidated
by transmission electron microscopy (TEM). As is shown in
Figs. 2(c) and (d), the single-crystal structure and orientation
along [0001] direction of Te NWs were revealed in such
investigation from diffraction patterns as well as high-resolution
TEM images. In addition, the morphology and structure of Te NWs
were also investigated using a field emission scanning electron
microscope (FESEM) (Hitachi S-4700-I1, Hitachi Ltd., Tokyo, Japan)
equipped with an electron backscatter diffraction (EBSD) detector.
EBSD patterns on the top facets of Te NWs (see Fig. 3) matched
simulated patterns for the Te structure and showed that the NWs
growth direction was the c-axis; all the investigated top facets
were found to be in the same {1010} plane of the Te hexagonal
lattice.

2.4. CR-AFM measurements on Te NWs

CR-AFM measurements were performed on Te NWs with
thicknesses in the 20-150nm range. Each NW probed by CR-
AFM was first located on the substrate by intermittent-contact
mode AFM. A high-resolution topographical image (as in Fig. 2(b))
was acquired to determine accurately the NW thickness from the
height difference between the top facet of the NW and the plane
of the substrate. Then, a set of at least five CR-AFM measurements
were made back and forth on top of the NW and the substrate. The
average values of the first and second contact-resonance frequen-
cies on each probed Te NW and the Si(10 0) substrate were used to
calculate the contact stiffnesses by means of Eq. (1). Their ratio,
kiw /K1 00y Was then converted into the indentation modulus of
the NW using Eq. (5). Thus, the uncertainty in the elastic modulus
values is determined by the measurement uncertainties in the
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Fig. 3. (a) The crystallographic structure of Te is generated by attaching to each
node of its hexagonal lattice three atoms along helical chains that are parallel to
the c-axis ([0 001] direction). (b) and (c) The orientation of the Te hexagonal cell
found from EBSD analysis made on the top facet of a NW. (d) EBSD pattern on the
top facet of the Te NW shown in (c).

contact-resonance frequencies. A possible reason for the observed
variations in the measured contact-resonance frequencies could
be in the small variations that occur in the contact area at every
different contact point, either due to the surface roughness, slight
variations in the applied load, or local variations in the elastic
properties of the specimen tested. In the following, the un-
certainty in the elastic modulus values represents one standard
deviation in the observed experimental values. The indentation
moduli of the reference substrate and the tip were assumed to be
Msi100) = 164.8 GPa, calculated as in Ref. [26] for a Si(100)
surface normally indented by a round tip.

With an applied load of about 250nN, the first and second
contact resonances on Te NWs and Si(1 00) substrate were found
to vary in the 400-600 and 1000-1200 kHz ranges, respectively.
As an example, in Fig. 4 are shown the shifts in the first and
second resonance frequencies from air to contact for a measured
NW (76 nm thick) and the Si(100) substrate. The difference
between the resonance frequencies measured on Si(100) and Te
NWs was observed to decrease as Te NWs of thickness less than
100 nm were probed. This size-dependence in the elastic response
of Te NWs was quantified as indentation modulus and is shown in
Fig. 5(a) as a function of NWs thickness. We can see in Fig. 5(a),
that the indentation modulus is constant, around 45 GPa, for NWs
thicker than 100 nm, monotonically increases from 45 to 85 GPa
for NWs with thickness in the 100-30nm range, and plateaus
around 85 GPa for NWs thinner than 30 nm. This size-dependence
of NWs elastic modulus differs from that previously reported for
other types of NWs: over the investigated diameter range, a
continuous increase in the elastic modulus was found with the
reduction in diameter [30-33,15] but no plateau was observed in
the range of very small diameters.

The size-dependence observed in the elastic response of NWs
of reduced diameters [30-34,15] originates from the surface
energy and surface stress effects in such nanostructures with large
surface-to-volume ratio [35-39]. Symmetry destruction as well as
relaxation of bonds due to uncoordinated atoms in the surface
layers of NWs modify the surface energy, which, in turn, affects

air
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Frequency (MHz)

Fig. 4. Shifts in the resonance frequencies of the cantilever from air to contact on
Si(100) and Te NW of thickness 76 nm.
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Fig. 5. (a) Indentation modulus of Te NWs as a function of thickness: experimental
measurements (diamond symbols) and fitting curves (the gray band is provided by
Eq. (7) and black curve by Eq. (9); see text for details). The dotted lines represent
the observed limits of the indentation modulus of very thin and very thick Te NWs,
respectively. (b) Spherical tip indenting a core-shell structure (as in the case of a
coated substrate) (c) a linear shell thickness versus NW thickness was assumed
over the variable modulus range. (d) Schematic diagram of the core-shell structure
from very thick NWs (mostly core) to very thin NWs (mostly shell).
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the mechanical properties of NWs. The measured elastic modulus
deviates from the bulk value due to the morphological changes
that progressively occur in the outer layers as the NW cross-
section shrinks. Thus, to accommodate the stress, the lattice in the
outer layers undergoes contraction and places the inner material
into compression. As a result, the surface stiffness is enhanced and
revealed, for example, in measurements of apparent elastic
modulus of nanowires of reduced cross-section.

A simple way to distinguish the surface stiffness contribution
to the measured elastic modulus of NWs is to consider the NW as
made of a core with the same elastic properties as the bulk
material and a stiffer shell, coaxial with the core [32]. To
accommodate the observed plateaus in the measured elastic
modulus of Te NWs, we assume here a linear variation of the shell
thickness as a function of the NW thickness over the elastic
modulus size-dependent range [34]; to a first approximation, this
is also consistent with a progressive lattice relaxation in the outer
layers. Thus, for NWs thicker than a threshold thickness, tmax, the
elastic response is mainly determined by the core, the shell being
of negligible thickness. As the NW thickness is reduced below tpax,
the shell, made of stiffer layers, become thicker and contributes
more to the apparent elastic modulus. The core diminishes to zero
at a critical NW thickness, t.,;,, below which the measured elastic
modulus is that of the shell. With these considerations, a linear
dependence of the shell thickness s on the NW thickness t is given
by

_ tmin(Emax — £)

- 2(tmax - tmin) ’

We can separate the elastic contributions of the core and shell
to the measured elastic modulus by considering the case of the
round tip indenting the composite core-shell structure as in the
case of a coated substrate. In our case, the substrate is substituted
by the core and the film by the shell (see Fig. 5(b)). Because the
contact radius is negligible compared to the width of NWs, even
for the thinnest NW, the indented top NW facet is basically an
infinite surface and no edge corrections are needed. An analytical
solution for the indentation modulus of such a layered system is
provided by Gao’s model [40]:

M= I(é)Mshell + [1 - 1(5)]Mcore' (7)

where Mcore and Mgp,op are the indentation moduli of the core and
shell, respectively. The dependence of the indentation modulus M
on the shell thickness s and the contact radius a is given by the
parameter ¢ = s/a in the weighting function I:

(6)

[(1— 201+ & — &/ + &)
2n(1 —v) ’

Poisson’s ratio v is considered to be constant through the entire
layered structure.

We have applied Gao’s model to fit the indentation modulus of
Te NWs over the range where presumably the shell varies in
thickness, between the two plateaus. We interpret the meaning of
these plateaus as following. In the limit case of very thick NWs,
the shell part is negligible, so the measured modulus is constant
and corresponds to the bulk value. In the limit of very thin NWs
(thinner than 30nm for Te NWs), the stiff outerlayers make up
almost the entire thickness, and the measured modulus is that of
the shell. Thus, from these plateaus, we extract Mcore = 46 GPa
and Mg, = 85 GPa. With these values, a good fit is given by Gao’s
model in the transition region with the fit parameters
tmax = 100 nm, tyi, = 29nm, and a = 4.0 nm. The fit is shown in
Fig. 5(a) within the gray band as Poisson’s ratio was varied from
0.1 (upper edge) to 0.4 (lower edge). In Fig. 5(c) is shown the
linear dependence of the shell thickness s as a function of the NW
thickness t over the fitting range. The model ceases to be

I¢) = %arctan(f) + (8)

applicable in the range of very thin NWs (i.e., below 30nm)
where the core thickness diminishes so much that is not a
substrate anymore for the indented shell. The fit parameter a =
4.0nm agrees well with the contact radius ager; = 4.2nm
calculated with the Hertz model, ayer; = (3PRy/4E*)!/3, for a load
P =250nN, a reduced elastic modulus E* = 50GPa, and a tip
radius Rr = 20 nm. As the sensing depth of CR-AFM is about three
times the contact radius [41], the substrate contribution to our
measurements is negligible for all the NWs probed.

A schematic diagram of the core-shell partition of the NW
cross-section is shown in Fig. 5(d) as a function of the NW
thickness. In the range of very thin NW, where presumably the
shell extends over the entire NW, the indentation modulus is
almost constant suggesting that the attendant lattice contraction
and disorder are now less of an energy penalty than that required
to adjust to the equilibrium interatomic spacing of the bulk core.
The average shell thickness of the Te NWs measured in this work,
tmin/4 = 7.2 nm, is in the range of shell thicknesses calculated for
Zn0O NWs, 4.4 [32] and 12 nm [15], respectively.

A less accurate fit is obtained if a shell of constant thickness
[32] is considered over the size-dependent elastic modulus region.
Thus, with s,rg constant for the shell thickness, the indentation
modulus of the core-shell structure is simply estimated by
considering a uniform stress distribution in the cross-section of
the NW of variable thickness t, which gives [15]

L _ Savrg t — Savrg 9)

M~ Mshell Mcore '

The fit given by Eq. (9) is shown by the thick black curve in
Fig. 5(a). Excepting the region of very thin NWs, the fit works
reasonably well with the following parameters: Mcoe = 46 GPa,
Mipenn = 85 GPa, and sayrg = 20 nm. As we can see, the dependence
given by Eq. (9) predicts a continuous increase in the elastic
modulus as the NW cross-section is reduced, and no plateau is
obtained for the measurements made on Te NWs thinner than
30 nm.

To conclude this section, by using CR-AFM we measured the
elastic modulus of Te NWs with thickness in the 20-150 nm range.
The observed size-dependent indentation modulus in the
30-100nm thickness range is well explained by the assumed
linear core-shell partition of NW cross-section. The intrinsic
indentation modulus of the shell, directly probed for NWs thinner
than 30 nm, is about twice that of the bulk core (measured on very
thick NWs). This enhancement factor is similar to that calculated
for the size-dependent elastic modulus of Ag and Pb metallic NWs
[30,31], although no evidence for an elastic modulus saturation
was observed in those measurements as the NW diameter was
reduced.

3. CR-AFM: imaging the elastic modulus of Te microcrystal facets
3.1. Instrumentation development for CR-AFM imaging

CR-AFM imaging was accomplished by performing CR-AFM
spectroscopic measurements at each point in an image scan [42].
Additional instrumentation developed in LabView was used to
coordinate the sequence of operations required in this scheme
(see Fig. 6): while the AFM feedback was maintained active, so the
tip followed the topography, the in-plane displacement of the tip
was externally controlled by applying incremental voltages on x-
and y-piezo scanners (sequence 1). Then, at each point in the scan,
the cantilever was mechanically vibrated by a sinusoidal oscilla-
tion (sequences 2 and 3), in the same way as in point-based CR-
AFM spectroscopy. The frequency of the signal was swept over the
range where presumably the contact resonance would be found.
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Fig. 6. Additional instrumentation needed for CR-AFM was attached to a
commercial AFM. The numbers indicate the sequence of events made at every
point in an image scan.

At the same time (sequences 4 and 5), the high-frequency response
was collected from the AFM photodiode through a lock-in amplifier
detection. On one hand, a reduced frequency range increases
acquisition speed, but, on the other hand, the range needs to be
large enough to encompass the contact-resonance frequency shifts.
During scanning, visualization of frequency spectra allows inspec-
tion, to see if the resonance peak is still in the chosen range or not.
After scanning, by analyzing the recorded frequency spectra, the
resonance frequency is identified at each point in the scan and the
contact-resonance map generated.

3.2. Te microcrystals fabrication and morphology characterization

Besides Te NWs, we also investigated the elastic properties of
some Te microcrystals, which are in form of flattened prisms with
irregular polygonal bases (see Fig. 7). Te microcrystals were grown
in the same run as Te NWs described in the previous section. The
larger size of the microcrystals compared to those of NWs was
determined by the different temperature at which they were
deposited. The microcrystals were grown on Si substrates kept at
220°C (i.e., closer to the boat with Te powder). Occasionally, on
the same sample with microcrystals some thick nanowires or
nanobelts were also observed. As can be seen in Fig. 7, these
prismatic Te microcrystals are few pm thick, have large geome-
trical aspect ratios (width to thickness and length to thickness
ratios), and their basal planes are essentially flat at the micro-
meter scale. However, if we used AFM imaging to look at the
nanoscale, inverse pyramidal structures (inverse hillocks) are
observed on these otherwise flat top facets of the microcrystals
(see Figs. 8(a)-(d)). The origin of inverse hillocks can be associated
with the anisotropic growth rates of Te rather than structural
defects. It is conceivable that, during vapor deposition, the out-of-
plane growth slightly dominates the in-plane migration and
growth, and this determines incomplete layer formations in form
of shallow depressions (inverse hillocks). From EBSD patterns
made on the flat part of the top facets of various Te microcrystals,
we identified the prismatic bases of these microcrystals as being
in the same {10 1 0} plane of the Te hexagonal lattice. We used CR-
AFM imaging to map the elastic modulus at the joint of two such
pyramidal facets. The AFM images shown in Figs. 8(a)-(d) were
processed by using the WSxM 4.0 software package [43].

3.3. Elastic modulus map reconstruction on two adjacent facets of a
Te microcrystal

From the frequency spectra recorded during CR-AFM imaging,
the first contact-resonance frequency was identified at every

Fig. 7. Tilted SEM image of Te microcrystals grown on a Si(100) substrate. Te
microcrystals are in form of flat prisms, a few pm tall and basal areas of tens to
hundreds of um square. Sparse nanowires are also observed around these
microcrystals.

point in the scan and used to generate, pixel by pixel, the image
shown in Fig. 8(e). A different contrast is observed between these
two facets in the contact-resonance frequency map: the average
value is 458.7 + 2.1 kHz on the left side and 456.2 + 2.6 kHz on
the right side. The magnitude of this contrast difference cannot be
explained by the change in the tilt of the cantilever on each facet,
this angular change being too small to have a noticeable
contribution to the contact stiffness. Moreover, the tilt contribu-
tion to the contact-resonance frequency map was ruled out also
by observing that the contrast is preserved along the multi-atomic
steps and differed only over the flat parts. Consequently, we can
attribute the observed contrast in the mapped contact-resonance
frequency to a difference in the mechanical properties of the two
inspected facets.

The average contact-resonance frequencies obtained from CR-
AFM imaging on the two pyramidal facets were used to calculate
the contact stiffnesses characterizing the contact made by the tip
on these facets. These contact stiffnesses are shown in Fig. 9
together with those calculated from individual CR-AFM measure-
ments (at least five) on the flat region (lower right part in Figs. 8
(a) and (b)) of the Te microcrystal top and on the Si(100)
substrate. It can be seen that each of the mapped facets of the
inverted pyramid appears stiffer than the flat top of the prismatic
microcrystal. Using the Si(100) as a reference material, the
contact stiffnesses measured on the Te facets were converted into
indentation moduli with the help of Eq. (5). The value of the
indentation modulus on the flat region of the top, Mre, fiat top =
46.1 £ 2.9GPa is in excellent agreement with that measured on Te
NWs thicker than 100 nm. Regarding the two pyramidal facets, it
turned out that their indentation moduli differed only marginally
from each other: Mre_ feft facer = 54.8 2.5 GPa and Mre, right facet =
51.9+ 2.7 GPa. This indicates that the two facets, resulting from
nanosize-step terminations, are in planes of high crystallographic
indices, at small angular orientations with respect to the (1010)
plane of Te lattice.

The small difference measured between the elastic modulus of
the two pyramidal facets of the Te microscrystal demonstrates
the sensitivity of CR-AFM imaging in providing quantitative
measurements of the elastic properties over pm-size area.
Nanoscale variations of the elastic modulus can be identified in
such images and correlated with the topography of the scanned
surface.
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Fig. 8. AFM topographies (a-d) and CR-AFM map (d) over selected areas of a Te microcrystal: (a) The region indicated by an arrow in Fig. 7 was detailed by AFM. (b) The
rectangular window shown in (a) is further detailed and the wedge angles of the pyramidal depression are observed with respect to the flat part. (c) Topographical profile
along the line shown in (b) is used to calculate the wedge angle formed by the pyramidal facet with the flat top facet of the microcrystal. (d) The joint between the two
pyramidal facets is shown in detail; atomic plane terminations are observed in this AFM topographical image. (e) The first contact-resonance frequency was mapped over

the selected window shown in (d) by CR-AFM imaging.
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Fig. 9. Contact frequency (normalized to the first free resonance frequency of the
cantilever) versus contact stiffness (normalized to the cantilever stiffness). The
continuous curves are calculated by using the clamped-spring coupled cantilever
model [1]. The data points are from CR-AFM imaging shown in Fig. 8(e) and from
point-based measurements on the flat top of a Te microcrystal and Si(10 0) surface,
respectively.

4. Conclusions

CR-AFM spectroscopy and imaging modes were used to
quantitatively measure the elastic modulus of Te NWs and
microcrystals. A size-dependence was observed in the indentation
modulus of Te NWs with thicknesses in the 20-150 nm range.
Stiffening effects were revealed in the elastic modulus of Te NWs
thinner than 100 nm, whereas the indentation modulus of Te NWs
thicker than 100 nm was found to be the same as on flat facets of
Te microcrystals. A distinct contrast in the elastic properties was
probed by CR-AFM imaging on two Te microcrystal facets of
slightly different orientation.
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