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Abstract
Research on thermoelectric (TE) materials has been focused on their transport properties in
order to maximize their overall performance. Mechanical properties, which are crucial for
system reliability, are often overlooked. The recent development of a new class of
high-performance, low-dimension thermoelectric materials calls for a better understanding of
their mechanical behavior to achieve the desired system reliability. In the present study we
investigate the mechanical behavior of nanostructure bulk TE material p-type Bix Sb2−x Te3 by
means of nanoindentation and 3D finite element analysis. The Young’s modulus of the
material was estimated by the Oliver–Pharr (OP) method and by means of numerically
assisted nanoindentation analysis yielding comparable values about 40 GPa. Enhanced
hardness and yield strength can be predicted for this nanostructured material. Microstructure is
studied and correlation with mechanical properties is discussed.
S Online supplementary data available from stacks.iop.org/Nano/23/065703/mmedia
(Some figures may appear in colour only in the online journal)

1. Introduction

potential to achieve cost-effective conversion of solar energy
into electricity.
In addition to a design optimized for terrestrial operation,
the high efficiency of the STEG is achieved by the use of a
new class of Bix Sb2−x Te3 based nanostructured TE materials
with improved properties [8]. The conversion efficiency of TE
materials is highly dependent on their thermoelectric figure of
merit ZT = S2 σ T/κ, where S, σ , κ, and T are the Seebeck
coefficient, electrical conductivity, thermal conductivity, and
absolute temperature, respectively [8]. Therefore, excellent
TE materials require an optimized combination of high power
factor (S2 σ ) and low thermal conductivity (κ) [9, 10]. Many
of the recent advances in enhancing the thermoelectric figure
of merit are connected to nanoscale phenomena [11]. The use
of nanostructured Bix Sb2−x Te3 is particularly economically
advantageous, as explained by Poudel et al [8]. The reported
ZT is substantially increased compared to bulk materials and
reaches a peak ZT of 1.4 at 100 ◦ C. The enhanced ZT is

Thermoelectric (TE) devices, like photovoltaics, are solidstate energy conversion systems. Instead of converting
photons into electricity, TE devices convert heat into electrical
energy (power generation mode) or directly use an electrical
current to remove heat from a system (cooling mode).
For over a century thermoelectric devices have drawn little
attention as a potential technology for terrestrial solar power
conversion due to low efficiency and/or complicated and
bulky designs, making the technology economically viable
only for niche solar applications [1–6]. Recently, Kraemer
et al [7] demonstrated a promising flat panel solar thermal to
electric power conversion technology based on the Seebeck
effect and high thermal concentration. The reported solar
thermoelectric generators (STEGs) achieved a peak efficiency
of 4.6%, opening up a promising new approach which has the
0957-4484/12/065703+08$33.00
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the result of a significant reduction in thermal conductivity
caused by strong phonon scattering by interfaces in the
nanostructure [12].
The principal selection criteria for thermoelectric
materials have been based on their transport properties in
order to maximize the system’s overall performance. The
effect of mechanical properties on the module performance
has often been overlooked. In the STEG and other
applications, TE materials usually work under a cyclic
temperature gradient, and as such inhomogeneous thermal
expansion may occur. This induces serious stress and
strain within the device that can cause crack generation
and consequently degradation of the transport properties.
This requires TE materials to be mechanically strong to
withstand such conditions. Moreover, knowledge of their
mechanical properties is also essential in terms of machining
reliability and system integration. The cleavage problem
in a traditional zone melting single crystalline Bi2 Te3
ingot is one example of unsatisfactory performance due
to mechanical unreliability [13]. Although it has been
mentioned that nanostructured bulk Bi2 Te3 does not suffer
from this problem [8], most mechanical properties of such
nanostructured bulk TE materials are still missing.
In the present study, the p-type nanostructured
Bix Sb2−x Te3 with reported high ZT is characterized by
the nanoindentation technique to determine its mechanical
properties. Young’s modulus and hardness are evaluated
from the nanoindentation load–displacement curve by using
the Oliver–Pharr (OP) analytical solution. Using real tip
geometry, 3D finite element analysis (FEA) is carried out to
get access to the material yield strength and to numerically
verify the Young’s modulus results. Correlation of the
mechanical properties and microstructure of nanostructured
TE materials are discussed.

was performed using a Tecnai F30 ultra-twin microscope
operating at 300 kV. The sample was prepared by a Ga focused
ion beam (FIB) using a lift-out technique [14].
Nanoindentation experiments require the surface to be
extremely smooth; generally, the roughness root mean square
(RMS) should be less than 20% of the indentation depth, h,
over a scanning size of 200h [15, 16]. In this study we employ
Feng’s polishing process [17] with proper modification to
prepare the nanoindentation sample. The sample is subject to
30 min of mechanical polishing. A composite polishing pad
with an upper soft cloth surface and a lower hard polyurethane
support are employed. A flow of 45 ml min−1 slurry of
5 wt% 0.05 µm alumina suspension is used. The polishing
pressure is 1.1 psi with a counter-clockwise plate rotation
speed of 80 rpm. The surface quality of the polished sample is
measured with the atomic force microscope (AFM; MFP-3D,
Asylum Research) in tapping mode and the roughness RMS
is evaluated by the AFM software IgorPro.
2.2. Nanoindentation
Nanoindentation experiments are carried out on a Bix Sb2−x Te3
sample with the MFP Nanoindenter (Asylum Research). The
properties of the Berkovich diamond indenter used are as
follows: Poisson’s ratio vi = 0.2; Young’s modulus Ei =
865 GPa. The Poisson’s ratio v used for the Bix Sb2−x Te3
sample is 0.3. The depth and rates of loading and unloading
are programmed and a pattern for a set of indents was
established. Each pattern consists of 6 × 6 indenting positions
within an area of 40 µm × 40 µm. Experiments with
three different target depths (i.e. 100, 150, and 200 nm) are
performed and each depth is repeated three times in different
regions of the sample. The loading/unloading rate is set to
be constant 10 nm s−1 . The OP method is used to evaluate
the material properties by the experimental force–indentation
data.
The experimental force–indentation curves are first fitted
by power law equations:

2. Experimental details
2.1. Sample preparation and characterization

P = B (h − hf )m

The bulk nanostructured Bix Sb2−x Te3 samples are fabricated
by hot pressing the nanopowders which are ball-milled from
crystalline ingots under inert conditions [8]. Bulk p-type
BiSbTe alloy ingots are loaded into a jar with balls inside an
argon-filled glove box to avoid oxidation of the nanopowder.
The jar is then loaded into a ball mill and processed for
several hours. (Ball-milled nanoparticles have an average
size of 20 nm.) Then it is loaded into a 12.5 mm (inner
diameter) graphite die and compacted into a fully dense solid
nanostructured bulk sample by a hot press. Disks of diameter
12.5 mm and thickness 2 mm are cut in axial directions.
Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) are employed to investigate
the microstructure of the sample. In order to reveal the
grains to be observed by SEM, the sample is subjected
to 5 min of chemical–mechanical polishing (CMP). The
CMP slurry used for polishing is 1% hydrogen peroxide
(H2 O2 ), 0.1% benzotriazole (BTA; an inhibitor) and 5 wt%
0.05 µm colloidal silica at pH 5 adjusted by nitric acid. TEM

(1)

where B and m are empirically determined fitting parameters.
The unloading stiffness, S, is then established by differentiating equation (4) at the maximum depth of penetration,
h = hmax :
 
dP
= Bm (hmax − hf )m−1 .
(2)
S=
dh h=hmax
The reduced elastic modulus Er =
Er =

S
2β

r

1−v2
E

π
Ac

+

1−v2i
Ei

is given by
(3)

where β is a geometry dependent constant of the indenter
(β = 1.034 for a Berkovich indenter) [18].
To determine the projected contact area Ac , one needs
to build the tip area function of the indenter Ac = f (hc ).
The area function for a perfect Berkovich indenter is
given by Ac = 24.5h2c . However, indenters used in practical
2
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Figure 1. (a) An AFM scan of a Berkovich indenter and (b) an ANSYS generated indenter surface.

nanoindentation testing are not ideally sharp. Therefore, tip
geometry calibration or area function calibration is needed. In
this work, atomic force microscopy (AFM) is used to provide
a surface scan of the tip that allows accurate tip metrology and
tip area function to be generated [19–21].
The contact depth hc is calculated as follows:

Table 1. Description of element types used for each stage of FEA.
FEA characteristics
Element type
SOLID 186
CONTA 174
TARGE 170

Pmax
+ hp ,
(4)
S
where the value of the constant ε, which is dependent on
indenter geometry, is 0.75 for a Berkovich indenter [18]
and hp is the amount of pile-up measured by AFM scan of
the indents [22]. Equations (1)–(4) together with the tip area
function are employed to extract the elastic modulus.
hc = hmax − ε

Description
3D solid element of the substrate
Surface element on upper surface of the
substrate
Surface element on the surface of the
indenter

The Berkovich indenter is scanned in tapping mode using
AFM (MFP-3D, Asylum Research) to provide an accurate
geometry of the indenter tip. The scan size is 2 µm × 2 µm
consisting of 512 × 512 equidistantly distributed scan points
(figure 1(a)). Small scan sizes are chosen in order to accurately
capture the details of the tip apex and to minimize the effect
of scan resolution and scan speed [19]. The AFM scan is
extracted in the form of a square matrix with entries equal
to the height recorded by the AFM at every point. The
matrix is transformed to a three-column matrix having the
X, Y and Z coordinates of every point of the scan. In such
form, the data are imported to the FEA commercial package
(Ansys) as keypoints. An algorithm is prepared to connect
these keypoints with triangular area elements to generate the
surface of the indenter tip as seen in figure 1(b).
With such a real indenter tip surface, the nanoindentation
process is simulated. The indenter is modeled as a rigid
surface. The substrate is modeled as a cylinder with
dimensions (D × h = 4 µm × 4 µm) to minimize the effect
of the substrate boundaries on the obtained results. Element
types and their description are summarized in table 1. A fine
mesh is used near the indentation point to accurately describe
the stress around that region. The results obtained are checked
against mesh dependency.
To obtain meaningful simulations, it is required that the
load–displacement curves from FEA have comparable peak
load and initial unloading slopes to the experimental ones.

2.3. Finite element analysis
Finite element analysis (FEA) has been very used for
nanoindentation simulations [23–29], but most simulations
have focused on two-dimensional (2D) axi-symmetric
simulations of conical indentation. It is assumed that the
Berkovich triangular pyramidal indenter can be adequately
modeled by a conical indenter with a 70.3◦ half-included
tip angle. 2D conical simulation reduces computational
cost by avoiding complex 3D meshing [30, 31]. However,
there are many features that cannot be captured with such
2D conical simulation. Shim et al [29] have shown a
great difference between the two approaches in modeling
Berkovich tips which had a significant influence on the
evaluated elastic modulus, implying that sharp edges of a
Berkovich indenter can significantly affect elastic and plastic
deformation behaviors. In the present work, a rigid indenter
model is reconstructed from an AFM scan of the Berkovich
indenter with area elements. More information is available at
stacks.iop.org/Nano/23/065703/mmedia. For the model of the
indented material, elastic–ideally plastic behavior is applied
as a reasonable approximation for the material fabricated by
ball milling and hot pressing.
3
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Figure 2. (a) SEM image of the Bix Sb2−x Te3 sample after CMP showing micron-sized grains and stripe-like twins. (b) TEM images
showing sub-micron grains, (c) nanograins, and (d) nano-sized precipitate.

The correct slope should be obtained first by adjusting the
Young’s modulus input, and then with the correct modulus,
the peak load can be determined by simply controlling yield
strength input. This allows us to extract the Young’s modulus
and yield strength of the studied material from experimental
data by means of FEA [32].

shows grains of about 500 nm. What really makes the
material a ‘nanostructure’ is the presence of nanograins of
less than 100 nm. Figure 2(c) shows a high resolution TEM
(HRTEM) image with nanograins of less than 20 nm. During
hot pressing these nanograins did not grow to form larger
grains, but instead they fused together leaving the interface
intact [9] and form agglomerations of about half a micron
from many nanograins [33]. What one sees in figure 2(c) is
the inner structure of an agglomeration of nanograins. These
densely packed nanograins form a great number of grain
boundaries which can impede the movement of dislocations.
So the hardness is expected to increase for the nanostructured
Bi2 Te3 .
Besides nanograins, nano-sized incoherent precipitates
with slightly different crystalline orientation and interatomic
distance within the matrix grains are observed by HRTEM, as
shown in figure 2(d). The lattice fringes observed within such
precipitates suggest that their crystal structure differs from

3. Results and discussion
The microstructure of the Bix Sb2−x Te3 sample is investigated
by scanning electron microscopy (SEM) at 10 kV and
transmission electron microscopy (TEM) at 300 kV.
Figure 2(a) shows a backscatter electron SEM image of the
sample where micron-sized grains and sub-micron grains
(grain size about 500 nm) are clearly visible through the
contrast resulting from different degrees of etching on
different grain orientations. The existence of sub-micron
grains is confirmed in figure 2(b), where the TEM image
4
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Young’s modulus is in good agreement with the experiments
due to the good matching of the initial unloading section, the
divergence at the last stage of the unloading curve indicates
the need for a more sophisticated deformation study on
this nanostructured Bix Sb2−x Te3 . In order to account for the
pile-up in the calculation of Young’s modulus and hardness,
we scan the residual impressions on the sample by AFM after
nanoindentation. Figure 4(a) shows an AFM scan of four
impressions after the nanoindentation experiment. Pile-ups
can be clearly observed in the topographic image of a single
impression in figure 4(b).
Due to the inhomogeneous pile-up reported in figure 4(b),
an average value for these pile-ups at each depth was
estimated and added to the contact depth hc in equation (4).
The methods for evaluating Young’s modulus, both the OP
solution and FEA as mentioned in the former section, are
implemented on the raw experimental load–displacement
data. The results of Young’s modulus are shown in figure 5(a).
The value of Young’s modulus is independent of indentation
depth for both the OP method and the simulation; it is
42.1 ± 6.5 GPa by the OP solution and 40 GPa by FEA.
This value of Young’s modulus is lower than that of the
conventional single crystalline Bi2 Te3 bulk (62.8 GPa) [39]
and very close to that of the commercial TE module
41.799 GPa [40]. This degradation compared to single crystal
is also found in other nano-crystalline materials [41–45].
Possible explanation for this degradation could be that the
twinned crystals induce strain from the motion of twinning
surface dislocations at a relatively low stress level and the
addition of such twinning strain is reflected experimentally
by deeper penetration accomplished with a lower load, which
results in a lower Young’s modulus result [46, 47]. Fabrication
induced defects may also play a role for the reduced Young’s
modulus. The error bar of Young’s modulus calculated by the
OP method in figure 5(a) shows a roughly 15% error. This
could be due to the different degrees of pile-up which are a
result of the large variation in grain size, as shown in the SEM
and TEM images. Furthermore, indenting inside the grain, on
the grain boundaries, or near some defects will form different
amounts of pile-up. It is interesting to note that although
the employed plasticity model in FEA is relatively simple,
the simulation results match quite well with the experimental
ones.
Hardness and yield strength results are shown in
figure 5(b). The hardness results in the present work are
1.6, 1.35, 0.95, and 0.93 GPa, respectively, for the four
depths. With increasing indenting depth, hardness decreases
and stabilizes after about 200 nm. This trend was also
confirmed by Kenfaui et al [48]. The fact that hardness is
roughly three times the value of yield strength suggests that
this material exhibits little work hardening [49]. Augustine
et al [50] showed that Bi2 Te3 single crystal fabricated by
horizontal zone melting (HZM) has a hardness of about
0.6 GPa. Zhao et al [51] reported a hardness of 0.62 GPa
for n-type Bi2 Te3 fabricated by mechanical alloying (MA)
and spark plasma sintering (SPS). Figure 5(b) qualitatively
compares the hardness values obtained by nanoindentation
with those obtained by the Vickers micro-hardness test

Figure 3. Nanoindentation load–displacement curves from
experiments and FE simulation.

that in the matrix, although a comprehensive crystallographic
analysis of the found precipitates was hampered by their small
size. This observation is in accordance with the work of Lan
et al [34] who found three kinds of precipitates with different
compositions in bulk nanograined p-type bismuth antimony
telluride. These precipitates are able to scatter phonons
and so reduce thermal conductivity in the nanostructured
Bi2 Te3 as Lan proposed in their study, while in regard to
mechanical properties these tiny precipitates act as obstacles
to dislocation motion [35, 36], and again, hardness would
show a foreseeable rise.
From figure 2(a), twinning, a crystal defect originated
from heating and cooling during hot pressing, can be observed
inside many grains. The TEM image, figure 2(b), also
confirms the existence of twinning. The effect of twinning
on the mechanical properties, especially on Young’s modulus,
will be discussed in the following paragraphs.
Before nanoindentation experiments are carried out, the
sample is scanned with AFM to ensure good smoothness.
Surface roughness RMS of the polished sample is 8 nm in an
area of 40 µm × 40 µm, which is smooth enough to perform
the nanoindentation experiment [15, 37].
The experimental results of nanoindentation are shown
in figure 3 where the load–displacement curves for each
indentation depth (100, 150, and 200 nm) are recorded.
Also included in figure 3 is the force curve obtained by FE
simulation with the best fitting Young’s modulus and yield
strength. For all indentation depths, the numerical simulation
generates force curves that are in very good agreement with
the experimental results. The curves are well matched in the
loading section, peak force, and initial unloading. On the other
hand, divergence is observed in the lowest section of the
unloading curve, which indicates the occurrence of pile-ups
during indentation.
According to Bolshakov and Pharr [38], when pile-up
occurs, the contact area is greater than that predicted by
the OP method, and both the modulus and the hardness
are overestimated, sometimes by as much as 50%. As
this severe pile-up can hardly be captured by FEA, it is
understandable that this missing feature will have an effect on
how the unloading section appears. Although the estimation of
5
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Figure 4. AFM scan of nanoindentation impressions.

Figure 5. (a) Young’s modulus from the OP method and FEA, and the value reported of single crystal bulk Bi2 Te3 [39]. (b) Hardness and
yield strength results of nanostructured Bix Sb2−x Te3 in this work, and the Vickers hardness of bulk Bi2 Te3 [49, 50].

in [50, 51] at a higher load. The Vickers micro-hardness test
accounts for size effects differently than the nanoindentation
experiment and thus a quantitative comparison does not
apply. Nevertheless, this suggests how the material behaves,
and from the microstructure analysis one can foresee an
enhancement in the hardness of the nanostructured Bi2 Te3 .
The reasons for this hardness enhancement are several, the
most prominent of which are listed below:

onset of plasticity and hence increase the yield strength of
the material according to the Hall–Petch relationship [52,
53].
(3) The nano-precipitates observed by TEM act as localized
obstacles to dislocation propagation in similar way to
precipitation hardening [54]. Moreover, some precipitates
induce a high angle orientation increasing further the
grain-boundary strengthening.

(1) A high density of dislocations can increase the hardness.
Actually, the concentration of dislocations (∼1011 cm−2 )
reported on the same sample [34] is at least ten times
higher than that found in the crystalline ingot (∼5 ×
109 cm−2 ).

4. Conclusions
In this work the mechanical property of bulk nanostructured
TE material Bix Sb2−x Te3 is studied by nanoindentation. By
implementing the Oliver–Pharr analytical solution with the
pile-up effect taken into account, Young’s modulus of this
nanostructured material is calculated to be 42.1±6.5 GPa. 3D
finite element analysis is used to simulate the nanoindentation
process and 40 GPa is the best fit of the Young’s modulus.
Good agreement is observed between experimental and FEA
results. The hardness and yield strength of the sample are
also evaluated and an enhancement of hardness is reasonably
foreseen compared to the Bix Sb2−x Te3 alloys fabricated by
other techniques. Both the degradation of Young’s modulus

(2) The finer the grains, the larger the area of grain boundaries
that act as pinning points impeding dislocation motion.
This phenomenon is more pronounced in the case of
high angle grain boundaries. Since the lattice structure
of adjacent grains differs in orientation, it requires more
energy for a dislocation to change directions and move
into the adjacent grain. Moreover, the grain boundary also
prevents the dislocations from moving in a continuous slip
plane. Impeding this dislocation movement will hinder the
6
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and the enhancement of hardness can be explained with
the microstructure studied by SEM and TEM, which show
images of very important characteristics of this nanostructured
Bi2 Te3 sample such as micron-sized grains, nanograins, twins,
and nano-sized precipitates. In particular, strain induced
from twinning under load reduces Young’s modulus, while
numerous grain boundaries and nano-precipitates increase
hardness by acting as obstacles to dislocation motion.
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