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Abstract

The elastic constants C;; of bulk BiTe; were calculated by density functional theory by different
approximations. Computational results were validated by means of nanoindentation tests, performed
along the directions parallel and perpendicular to the cleavage plane of BiyTe;. The indentation
modulus was estimated and compared with the experimental one. The generalized gradient Perdew-
Burke-Ernzerhof approximation better reproduces experimental results in the direction
perpendicular to the cleavage plane, whereas the occurrence of the nanobuckling in the direction
parallel to the cleavage plane causes discrepancies between theoretical and experimental findings.
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1. Introduction

Novel topological phases of matter, such as 3D topological insulators (TIs), are having huge
impact in fundamental research [1-3]. TIs have vast application capabilities in optoelectronics [4],
plasmonics [5], spintronics [6], quantum computing [7], and for thermoelectric devices [2, 8, 9].
Among TIs, bismuth chalcogenides such as Bi,Tes; and Bi,Se; are suitable for applications at room
temperature, due to their large energy gap (~0.2-0.3 eV), and, therefore, they have been widely
investigated [10, 11]. However, to date mainly basic research has been carried out on TIs. Despite
the wealth of experimental works, the number of patents based on TI technology is hitherto scarce,
mainly as a consequence of issues related to the crystalline quality of most TI samples. The
presence of vacancies shifts the position of the Fermi level, altering the properties of the TI system
[12]. Thus, in most cases, the Fermi level is shifted from the bulk band gap and pinned by the bulk
states occupied by doping electrons or holes. TI samples with vacancies cannot be successfully used
in technology, since the surface conductivity due to the topological surface states is overshadowed
by contributions from the topologically trivial bulk conduction band. Moreover, the presence of
vacancies favors the formation of Bi-O bonds [13], thus inducing the rapid oxidation [14-16] and,
consequently, the degradation of the surface of TIs. The optimized use of the Bridgman-
Stockbarger method in vacuum/inert atmosphere can strongly reduce the amount of vacancies in TI
samples [17]. This implies chemical inertness toward surface oxidation [17-19]. Moreover, such a
notable control on growth methods allows tuning the position of the Fermi level [20] or even the
position of the Dirac point [21], thus paving the way for band-structure engineering of TI
heterostructures [22]. Therefore, TIs are now ripe to move ahead, beyond basic research. Raw TI
materials could be engineered to be used in innovative applications in several areas, as recently

demonstrated for TI-based Terahertz photodetectors [23].
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The study of mechanical properties is crucial for designing many technological applications as
nanoelectromechanical systems (NEMS) [24, 25] and flexible electronic devices [26] and,
moreover, for the promising prospect of TI-based mechanical metamaterials [27]. However, the
comprehension of mechanical properties of Tls is still unsatisfactory.

Bi,Te; is an anisotropic layered material, with a R-3m symmetry, and it is characterized by six
independent elastic moduli. Such moduli were firstly measured by Jenkins at al. using a continuous-
wave resonance technique [28]. Afterwards, several computational studies, employing both
classical interatomic potential models and ab-initio calculations, were carried out in order to predict
the thermo-mechanical properties of bulk bismuth telluride along different directions [29-31].
Concerning experimental characterizations, with the aim to probe hardness and Young’s modulus,
indentation tests were performed on Bi,Tes thin films [32], suspended few-layer flakes [33] and,
recently, on the bulk material grown with the Bridgman-Stockbarger method [34].

However, all these indentation investigations disregarded the anisotropic behavior of bismuth
chalcogenides since the tests were carried out only in the direction perpendicular to the (0001) basal
plane. It is important to notice that, to date, mechanical properties of bismuth chalcogenides have
been evaluated within the framework of the model by Oliver and Pharr [35, 36], which has been
developed for isotropic materials. A more careful treatment of nanoindentation data is required in
order to properly describe the anisotropic mechanical properties of bismuth chalcogenides.

Herein, we report a joint experimental and theoretical investigation of mechanical properties of
bulk single crystals of Bi,Te; by taking into account the material anisotropy. In particular, depth
sensing nanoindentation tests were carried out along two different directions, parallel and
perpendicular to the basal plane, in order to measure the indentation Young’s modulus. Density
functional theory (DFT) calculations, with different exchange-correlation functional
approximations, were performed in order to obtain the stiffness matrix of Bi,Tes; and, subsequently,

a theoretical estimate of the indentation modulus by using the model developed in Ref. [37].
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An overall good agreement between experimental and theoretical results was found. The
obtained results were also compared with those of the literature in order to provide a clear outline

on the mechanical properties of Bi,Tes.

2. Methods

2.1 Sample growth and characterization

A single crystalline ingot of Bi,Te; was grown from melt by the vertical Bridgman—Stockbarger
method in the conical-bottom quartz ampoule sealed under a vacuum. In the growth process, the
ampoule moves from the “hot” zone (80 K higher than melting point) to the “cold” zone with the
required rate of 1.2 mm/h. The temperature of the “cold” zone was about 100 K lower than the
melting point. The grown ingot consisted of one or several large single crystalline blocks ,which
show chemical inertness toward surface oxidation for even one month in air, as shown
elsewhere [18]. Fresh surfaces were readily available by cleaving the crystals along their natural
cleavage plane, to obtain (0001)-oriented surfaces.

The specimens were then carefully cut, cleaved and glued on a sample-holder, in both parallel
and perpendicular directions with respect to the natural cleavage plane, in order to be tested by
nanoindentation.

Sample crystallinity was assessed through X-Ray Diffraction (XRD) analyses, whereas the
absence of any contaminant in the topmost layers of the surface was verified by X-ray
photoelectron spectroscopy (XPS), as shown elsewhere [34]. By analyzing core levels in XPS
spectra [ 18], the absence of surface oxide phases even after having exposed samples to large doses
of oxygen or even after air exposure can be claimed. As a matter of fact, the amount of defects in
single-crystal samples used in this investigation is minimized so that the oxidation rate, driven just
by surface defects [13], is negligible even after months in air, contrarily to previous reports for

bismuth chalcogenides [14, 38].
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2.2 Computational details

Bi;Tes has an rhombohedral crystal structure with five atoms per unit cell. It belongs to the D34
(R-3m) space group. The structure consists of covalently bonded quintuple layers [Se(1)-Bi-Se(2)-
Bi-Se(1)] separated by weak Van der Waals bonds (Figure 1).

The structural and elastic properties of Bi,Tes; were calculated using DFT, as implemented in the
QUANTUM-ESPRESSO package [39], using a norm conserving scalar relativistic pseudopotentials
with only the outermost s and p states in valence band. Both the local density approximation (LDA)
[40] and the generalized gradient Perdew-Burke-Ernzerhof (PBE) [41] approximation for the
exchange-correlation energy functional were used. A semiempirical Van der Waals correction, as
described in Ref. [42], was added in the case of PBE approximation. The electronic wave functions
were expanded in plane waves up to a 90 Ry energy cut-off. We optimized the bulk geometry using
the non-elemental hexagonal cell and by integrating the Brillouin zone over a 8x8x2 Monkhorst-
Pack mesh [43]. Atomic positions were relaxed until the forces were below a 5-10™ a.u. threshold.
The lattice parameters for the optimized geometries are reported in Table 1 compared with the

experimental values.

L)
e
®
©

® w
Figure 1: Unit cell (thombohedral) and conventional cell (hexagonal) of Bi,Tes. Bismuth atoms

are represented in red, tellurium atoms in blue.
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Table 1: equilibrium lattice parameters

Experimental | LDA PBE+VDW
values
Lattice a=438  a=433  a=43l
parameters [A] ¢=30.50 =982 c=30.94

The obtained values of equilibrium lattice parameters for both LDA and PBE+VDW are in good
agreement with experimental values [44] within an error of 1.1% and 1.5% in the two cases,

respectively, and, moreover, with previous ab-initio calculations [45].

The elastic constants were evaluated from the stress-strain relation, following the procedure

described in Refs. [46, 47] and applying deformations from 0.2% to 2%.

2.3 Model for the estimation of the indentation modulus for anisotropic materials

Depth-sensing indentation is a useful and powerful tool for mechanical characterization of
materials at micro- and nano- scale. This technique allows determining the Young’s modulus and
the material hardness from the analysis of the load-displacement curves according to the Oliver and
Pharr’s theory [30, 31]. Concerning Young’s modulus, such theory estimates the reduced Young’s

modulus E,, also called indentation modulus M, by means of formula (1):

ET=M=i (1)

2J/A(h,)
where S is the slope of the unloading curve at maximum displacement and A(h,) is an estimate of

the contact area between tip and material as a function of the effective penetration depth h.. Oliver
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and Pharr modeled the unloading process by the contact of a paraboloid of revolution on a half

space, giving h, as:

P
he = hmax — € e (2)

Smax

where hp.x 1s the maximum penetration depth, Py, is the maximum indentation load, Sy.x the slope
of the unloading curve at the maximum load and ¢ is equal to 3/4. The Young’s modulus of the

indented material can be calculated by formula (3):

(1-v?)
Tt @
Ey E;

where v is the material Poisson’s ratio, whereas E; and v; are the Young’s modulus and the
Poisson’s ratio of the indenter material (typically E; = 1141 GPa and v; = 0.07 for a diamond tip).

However, equations (1), (2) and (3) are related to homogeneous and isotropic materials and they
have to be modified when an anisotropic material is analyzed by means of indentation tests.

Vlassak and Nix [48] studied the contact problem of a flat circular punch and a paraboloid on an
elastically anisotropic half space and they showed that Equations (1) and (2) can be used for
anisotropic materials as long as the half space has three of fourfold rotational symmetry. In the case
of lower symmetry, the indentation modulus depends on the shape of the indenter. Subsequently,
they proposed [49] a relation in order to estimate the indentation modulus E, from the stiffness
matrix of an arbitrary anisotropic solid (alternative to Equation (3)). However, such a relation is a
really complex and it can be analytically solved only in particular cases, such as for transversely
isotropic materials [50]. Recently, Vlassak et al [37] simplified relation of Ref. [49] and suggested a

simple equation for the estimation of the indentation modulus:

1
M=— @4

B T[ho
where hy is the first term of the Fourier series expansion of surface Green’s function and it can be
obtained from the elastic constants C;; of the anisotropic material. Model in Ref. [35] was

generalized for indenters of arbitrary shapes and verified on different anisotropic materials, also on
7
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solids with a R-3m symmetry, like Bi,Tes single crystal analyzed in this work. For these reasons,
we chose this model in order to estimate the theoretical indentation modulus of bulk Bi,Tes; by
using Cj; constants calculated by DFT. The estimated modulus was then compared with the
experimental one, obtained by means of nanoindentation tests.

The constant hy is also related to the angle between the tip’s axis and the material basal plane. Our
decision to indent along the directions parallel and perpendicular to the Bi,Te; basal plane is

motivated by the easiness of sample preparation for indentation tests.

2.4 Indentation tests

Nanoindentation tests were performed on Anton Paar Nano Indenter provided with a spherical
tip (R = 20um, a = 90°) and the mechanical properties, i.e. hardness (H) and the reduced Young’s
modulus (E;), were determined in the directions perpendicular and parallel to the (0001) basal plane.

In particular, the Continuous Stiffness Measurements (CSM) technique [42] was deployed. It
consists in superimposing a small-amplitude oscillation on the force signal and it allows recording
the reduced Young’s modulus, E,, and the hardness, H, dynamically, for increasing values of the
penetration depth.

For the direction parallel to the basal plane the following indentation parameters were set:
amplitude of the sinusoidal varying force 0.5 mN, frequency 20 Hz, maximum load 5 mN, loading
rate 5 mN/min, unloading rate 20 mN/min, holding time at maximum load 10 s.

For the direction perpendicular to the basal plane the following parameters were used: amplitude
of the sinusoidal varying force 1 mN, frequency 20 Hz, maximum load 10 mN, loading rate 10
mN/min, unloading rate 40 mN/min, holding time at maximum load 10 s.

A dynamic calibration of the nanoindenter was carried out before testing, whereas the distance
between each indents was kept at least three times the maximum diagonal of the imprint in order to

avoid the mutual influence of adjacent indentations.
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The mechanical properties were obtained according to the Oliver and Pharr theory [30, 31]. In

particular, the experimental indentation modulus was obtained according to Equation (1).

3. Results and discussion

Bulk Bi,Tes is a layered anisotropic material and, thus, it is characterized by different mechanical
properties along different directions.

DFT calculations, with the parameters described in section 2.2, were carried out in order to put in
evidence the anisotropic behavior of mechanical properties. In table 2, the six independent
coefficients of the stiffness matrix of Bi,Te;, obtained with both the LDA approximation and the
PBE approximation with the semiempirical Van der Waals correction (PBE+VDW), are reported

and compared with data available in literature.

Table 2: Comparison of calculated and experimental elastic modulus C;

Cu Ci Ci3 Cis Cs3 Cus
LDA 81.5 222 31.2 19.4 56.4 42.7
(our work)
PBE-VDW | 78.3 13.8 23.2 20.7 35.7 355
(our work)
Experiment | 74.4 21.7 27.0 13.3 47.7 27.4
Ref. [28]
DFT, Ref. | 654 14.0 19.0 10.9 50.7 26.5
[51]

9
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The analysis of data in Table 2 indicates that LDA well reproduces the experimental values of C,
and C;3, while PBE-VDW better reproduces C;;. On the other hand, the theoretical model in Ref.

[51] is appropriate for reproducing Ci4, Cs44 and Cge and it also fails for Cy;, Cy2, and Cys.

The corresponding indentation moduli, along directions parallel and perpendicular to the c axis of
the hexagonal cell, calculated according to Equation (4) by using C;; constants in Table 2, are

reported in Table 3.

Table 3: Comparison of calculated indentation moduli

Perpendicular to the lamellae (GPa) | Parallel to the lamellae (GPa)
LDA (our work) 60.21 69.45
PBE-VDW (our work) 42.46 62.40
Experiment Ref. [28] 47.71 59.74
DFT, Ref. [51] 51.26 57.67

To experimentally validate computational results, nanoindentation test were carried out (according
to methodologies listed in Section 2.4).

In Figure 2 the trend of the reduced Young’s modulus E, as a function of the penetration depth is
shown for both the indentation directions, perpendicular (top panel) and parallel (bottom panel) to
the cleavage plane. One can observe that for the direction perpendicular to the cleavage plane, when
E, stabilizes, it reaches exactly the value of the indentation modulus calculated using the
PBE+VDW approximation. The value of the indentation modulus estimated with the LDA
approximation is instead considerably higher than the experimental one. This can be ascribed to the

problem of over-binding usually shown by the LDA approximation that lead to higher binding
10
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energies and shorter bond lengths with respect to the experimental ones and that becomes
particularly relevant in presence of weak Van der Waals bonds.

As shown in Figure 2, the indentation moduli estimated by using data reported in literature lie in the
middle of the range defined by our LDA and PBE+VDW calculations.

Along the direction parallel to cleavage plane (bottom panel) all calculated values of E; are rather
higher than the experimental value after data stabilization.

In order to explain these differences along the two directions of indentation, in the following we
provide some considerations about the effect of the indentation process on layered materials.
Different studies on the indentation of layered material were carried out [52-54]. In particular, it
was observed that along the direction perpendicular to the cleavage plane the formation of kink
bands can occur [53]. Kink bands are walls of dislocations of opposed polarity, which develop on
the indented material after the contact with the tip. They cause the delamination of material’s layers.
Such a delamination can be observed on the indented sample as a surface bulging around the
indentation area and it mainly occurs with sharp tips and high indentation loads, as observed in Ref.
[34]. This damage can be also observed in the load-penetration depth curve, characterized by pop-in
phenomena [34].

For this work, as described in Section 2.4, indentation tests were performed with a spherical tip at
very low loads by using the CSM technique in order to avoid the material damage during the
indentation process, which could lead to a misleading estimation of mechanical properties. Any
damage was indeed observed on the indented samples, as well as any pop-in phenomena was
recorded in the load-penetration depth curves. Indentation experimental results can thus be
compared to computational ones.

It is worth reminding that previous studies carried out on pyrolytic carbon [52, 54] along the
direction parallel to the cleavage plane showed the occurrence of elastic nanobuckling of the

material layers also for low indentation loads. Thus, the discrepancies observed in the bottom panel

11
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of Figure 2 between theoretical and experimental results can be related to the nanobuckling induced

during the indentation process, which leads to an underestimation of mechanical properties.
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Figure 2: E, profile with increasing values of penetration depth for a CSM nanoindentation carried

out along the direction perpendicular (top panel) and parallel (bottom panel) to the cleavage plane.

The dashed lines represent the indentation modulus calculated according to Equation (4) using

constants C;; calculated with the LDA and PBE+VDW approximations, whereas the dotted lines

refer to constants C;; reported in literature.

Also the measured value of hardness is lower in the direction parallel to the cleavage plane (Figure

3). For the perpendicular direction (top panel), the hardness stabilizes around 1.7 GPa whereas its

saturation value is about 0.9 GPa in the parallel direction (bottom panel). As observed for the

12



Bi,Te; thin films [55], the hardness has an initial increase at small penetration depth, attributed to

1
i the transition between purely elastic to elastic/plastic contact, and a following decrease until a
5 stabilized value, related to the transition between elastic/plastic and fully plastic contacts. Until the
6
7 fully plastic contact is not reached, the measured hardness is actually reflecting the mean contact
8
9 . e .

10 pressure and it does not represent the intrinsic hardness of the material.
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By means of DFT and nanoindentation tests, we have studied the mechanical properties of bismuth
telluride by taking into account its anisotropy. While tip-induced nanoscale buckling affects the
measurement of the indentation Young’s modulus along the cleavage plane (predicted to be 62.40
GPa by DFT but experimentally found to be ~38 GPa by nanoindentation), the experimental value
of the indentation Young’s modulus in the perpendicular direction with respect to the cleavage
plane is well reproduced by DFT using PBE-VDW (42.46 GPa). PBE-VDW better reproduces
experimental results with respect to LDA.

Present work — combining state-of-the-art growth of TI single crystals, nanoindentation, and DFT
calculations — significantly improves the comprehension of mechanical properties of TIs, thus

paving the way toward their control at the nanoscale for technological applications.
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