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Abstract

Bismuth telluride (Bi,Te;) two-dimensional (2D) nanosheets prepared by van der Waals
epitaxy were successfully detached, transferred, and suspended for nano-indentation
measurements to be performed on freestanding circular nanosheets. The Young’s modulus
acquired by fitting linear elastic behaviors of 26 samples (thickness: 5~14 nm) is only 11.7~25.7
GPa, significantly smaller than the bulk in-plane Young’s modulus (50~55 GPa). Compliant and
robust Bi;Te; 2D nanosheets suggest the feasibility of the elastic strain engineering of

topological surface states. (Total: 75 words)
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Introduction

Bismuth telluride (Bi,Tes), bismuth selenide (Bi,Ses), and antimony telluride (Sb,Tes)
are not only well-known thermoelectric materials, but also emerging topological insulator (TT)
materials.'™ Unique topological surface states (TSSs) arise from a strong spin-orbit coupling, and
these quantum states exist only on the surfaces of TIs. Likewise the electronic dispersion of
graphene,’ the electronic dispersion of TI materials is described by the relativistic Dirac
equation, which brings the electronic energies scaling linearly with the electronic momenta (i.e.,
Dirac cone). The TSSs are spin-selective and are also protected against impurities and structural
defects, which results in dissipation-less (i.e., ballistic) electronic transport. This provides
opportunities for revolutionizing many energy-related technologies, such as thermoelectric
modules, infrared detectors, and heterogeneous catalysis.’” One of major challenges in the
application of TSSs is the lack of approaches to open a bandgap at the Dirac cone and to tune the
TSS bandgap once it’s successfully opened.

Recent TI research activities have successfully demonstrated bandgaps of TSSs by
hybridizing TSSs at the top and the bottom surface of a nanofilm, as its thickness is below the
TSS penetration depth (i.e., 5 nm for BiTes).%’ Unfortunately, TSS bandgaps obtained by the
thickness-controlled hybridization could not be tuned, which will limit TSSs’ application
potential. Using two-dimensional (2D) nanosheets, elastic strain engineering is an attractive
method for opening and tuning TSS bandgaps based on two main reasons; firstly, Bi,Tes is one
of van der Waals layered materials, and elastic deformations can be easily induced in 2D
nanosheets. Secondly, theories have shown that elastic strain engineering is promising for tuning
TSSs’ bandgap in a TI material.* ° Such stain-dependent electronic bandgaps have also been

10-12

demonstrated in graphene and molybdenum disulfide (MoS,) 2D nanosheets,'* '* because
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elastic strains could be robustly induced in graphene (~10%)" and MoS, 2D nanosheets
(6~11%).'"

The Bi,Te; monolayer, often called quintuple layer (QL), has a thickness of ~1 nm,
which consists of five atomic layers covalently bonded in the sequence of Te-Bi-Te-Bi-Te along
the c-axis of the rhombohedral crystal.” The crystal of bulk Bi,Te; is a stack of QLs, in which
adjacent QLs are held together by weak van der Waals interactions. Owing to the unique crystal
anisotropy, Bi;Te; multi-QL 2D nanosheets could be prepared using either top-down exfoliations
(i.e., breaking van der Waals bonding),” or bottom-up syntheses (i.e., van der Waals epitaxy).?'
Understanding elastic properties of Bi;Te; 2D nanosheets has become an imperative topic for
exploring strain-controlled electronic transport in TSSs.

To aid in understanding elastic properties of Bi,Tes 2D nanosheets, we performed atomic
force microscope (AFM) based nano-indentations'® to test mechanical properties of suspended
Bi,Te; 2D nanosheets containing 5~14 QLs (thickness: 5~14 nm). Elastic behaviors, Young’s
modulus, and the pretension of 5~14 QL nanosheets were obtained by fitting the thickness-
dependent linear elastic behavior using Komaragiri et al.’s model,” which is a previously
demonstrated method for characterizing multi-layered 2D nanosheets of MoS, and mica.'”*
Experimental

Owing to an excellent thickness control, Li ef al.’s van der Waals epitaxy”’' was used to
prepare Bi,Tes 2D nanosheets for this study. Bi,Tes 2D nanosheets were grown on Muscovite
mica (V3 grade) substrates in the 1-inch diameter tube furnace. Optical microscope (Zeiss
AxioLab Al) and AFM (Park XE 70) were used to characterize as-grown 2D nanosheets. More
details about the growth can be found in the supporting information (SI). As-grown BiyTe; 2D

nanosheets were immediately transferred to the pre-fabricated porous substrates using a thin film
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of polymethyl methacrylate (PMMA, M.W. ~ 950,000, from MicroChem) as a sacrificial layer,
and using a piece of polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning) as the transfer
carrier. A high 2D nanosheet transfer rate of > 98 % can be routinely acquired, as shown in
Figure S4. The bottleneck of our 2D nanosheet suspension process is the final drying procedure.
Utilizing the supercritical fluid’s extremely low surface tension, a promising suspension yield
rate of ~85 % has been achieved for 2D nanosheets > 5 QLs. More details about the porous
substrate fabrication and the transfer process are available in the SI.

In AFM based nano-indentations, AFM tips with soft cantilevers (DNP-10, from Bruker)
were used to apply small point forces for generating vertical deflections of 2D nanosheets. AFM
cantilever spring constant calibrations and AFM tip radius measurements are available in the SI.
Results and Discussion

Figure 1 presents the van der Waals epitaxial growth based on Li ef al.’s report,”' and a
process we developed specifically for transferring van der Waals epitaxy grown 2D nanosheets.
On the mica substrate, the appearance of as-grown, identically-orientated equilateral triangle
nanosheets was observed in the location corresponding to the upstream area of the tube furnace,
and yet nanosheets with random morphologies were located in the downstream area. The distinct
morphology vs. position dependency suggests that temperature and Bi,Tes vapor pressure are
both critical for controlling 2D nanosheet growth, which is in agreement with Li et al.’s report.”'
Further, it is noticeable in Figure 1(b) that in the upstream area, 2D nanosheets in the majority
have a triangular, larger morphology, and yet the minority are circular, smaller 2D nanosheets.
This subtle morphology difference is owing to circular nanosheets were at an early growth stage,

and triangular nanosheets had received a longer growth time. More detailed
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morphology/size/thickness analysis from 59 nanosheets is included in the SI (see Figure S2) to
further present the van der Waals epitaxy.

Figure 1(d) and 1(e) are two representative 2D nanosheets before and after being
transferred onto the pre-fabricated substrate with an array of circular holes. Distinctly, apparent
reflectance colors of Bi,Te; 2D nanosheets (under a white light illumination) have changed
dramatically after the transfer or the suspension, which is ascribed to the combined effect of the
silicon oxide thickness (270+3 nm), 2D nanosheet thicknesses (8 nm vs. 15 nm), and materials’
refractive indices. Interestingly, colors of suspended regions are close to colors when these 2D
nanosheets were still attached to the mica substrate, and yet colors of collapsed regions are close
to the color of holes (the silicon oxide is 105+£3 nm). The sharp optical color difference provides
a simple, direct method for quickly determining nanosheet thicknesses and for identifying
successfully-suspended 2D nanosheets, which is essentially the same principle for examining
graphene®® or MoS; 2D nanosheets.”>" *®

Figure 2 presents mechanical tests using the AFM based nano-indentation platform. The
contact mode topography image (Figure 2(b)) shows that the circular 2D nanosheet (thickness ~
5 nm, i.e, 5 QLs) is successfully suspended over an array of holes (radius ~ 1 pm). It is
evidenced by angles at the circular periphery that this 2D nanosheet was in the transition phase
before forming a triangular morphology, which supports the earlier discussion regarding the
nanosheet morphology difference. In Figure 2(c), cross-sectional profiles (via contact mode) of
the nanosheet across the center of the circular hole are displayed under different contact forces
(0.02~2.95 nN). It is clearly shown that across the entire nanosheet suspension, resultant vertical
deflections were proportional to forces applied by the AFM tip. More importantly, nanosheet

deformations were reversible under forces applied.
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To further examine the elastic properties, the AFM ramping mode (i.e., force vs. distance
mode) was used to apply point force loads (F, 0~18 nN) to the center of the suspended
nanosheet. As illustrated in Figure 2(d), the vertical deflection (&) of the 2D nanosheet was
obtained using its correlation with piezo-extension (AZ,;,,) and the cantilever deflection (AZ,),
6 = AZpiezo — AZ. . Figure 2(e) shows three different sets of F(§) curves with different
maximum force loads, acquired from the same suspended nanosheet presented in Figure 2(c). It
is clearly shown that three F(§) ramping curves are overlapped without any indication of a
slippage or a rupture. Remarkably, a small force of only 15 nN was required to vertically deform
the center of the suspended nanosheet by a displacement of ~100 nm, which implies the 2D
nanosheet is quite mechanically compliant. We noticed that F(§) responses acquired from the
ramping mode (shown in Figure 2(e)) are inconsistent with F (&) responses acquired from the
contact mode (shown in Figure 2(c)), which is likely owing to a ramping mode solely causes a
cantilever deflection but a contact mode contains both a cantilever deflection and tilt.
Nevertheless, fully elastic deformation of Bi,Tes; 2D nanosheets is confirmed.

To find Bi,Te; 2D nanosheet elastic properties, 26 samples including four different
groups of thickness (7 samples for 5 QLs, 5 samples for 6 QLs, 8 samples for 8§ QLs, and 6
samples for 14 QLs) were characterized, which provides the confidence of our analyses. All
F(6) curves of 26 samples are available in the SI (Figure S7, S8, S9 and S10). Figure 2(f)
presents representative F(§) curves for three groups of thickness: 5-QL, 8-QL, and 14-QL
nanosheets, respectively. Interestingly, each group exhibits a distinctive F(§) curve
characteristic: 14-QL nanosheets show a linear F (&) response because thick nanosheets behave
as plates being bent. In contrast, the non-linear F(§) curve of 5-QL nanosheets indicates a

combined response from a bending behavior as plates and a stretching behavior as membranes.
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The F(&§) behavior of the group of 8-QL nanosheets falls in between. Such thickness-dependent
F(8) characteristics were also found in mechanically-exfoliated MoS, 2D nanosheets,'’ and
could be understood using Komaragiri et al. ’s model for a freestanding elastic circular film under

point loads:*

o AmE _t3 5 s q3Et 53 "
‘l3<1—v2) (‘)l + ) +(> - M

Where E is the Young’s modulus, t is the thickness of 2D nanosheet, r is the radius of the
suspended circular nanosheet, v is the Poisson’s ratio for Bi;Te; (~0.241),%” T is the pretension
of 2D nanosheet, and the dimensionless constant g equals 1/(1.05 — 0.15v — 0.16v?). The first
term is relevant to thick plates’ bending behavior (F~¢), the second term accounts for a
pretensioning response (F~§), and the third term is relevant to thin membranes’ non-linear
stretching behavior (F~§&3). One might consider using Equation 1 to directly extract E and T, as

1516 We noticed that

commonly used for analyzing atomically thin, single layer 2D nanosheets.
F(6) curves of 5-QL nanosheets have a notable contribution from bending owing to F (&) has
not reached the membrane stretching regime in Komaragiri ez al.’s model,” and thus Equation 1
is inappropriate here for analyzing F(§) curves of 5~14 QL nanosheets.

For analyzing thick 2D nanosheets, the alternative is to consider the limit of a small

vertical deflection (6 ~0),17’ =

which renders the third, non-linear term of Equation 1 negligible.
The effective spring constant of 2D nanosheet (k,p) could be derived from Equation 1, which

ol
gives:'’
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Figure 3 plots k,p, as a function of (t3/72) for all 26 samples, while all k,p values can be found

in the SI. Clearly, a good linear fit using Equation 2 is obtained. Note that the slightly curved
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suspension surfaces are considered for acquiring the radii of the suspended circular nanosheets,
and they are compared with the holes’ radii for determining E and T. The resultant differences in
E and T are actually negligible in comparison with the combined errors induced by the AFM
measurements of the 2D nanosheet thicknesses, the hole radii, and the point forces (i.e., errors
from cantilever spring constant). We took the lower limit and the upper limit from the deviation
of the linear fit, and consequently E = 11.7~25.7 GPa and T = 0.011~0.028 N/m were found.
Using Equation 2 to analyze these samples, both E and T are assumed to be independent of
thickness and sample,'” which is considered as the uncertainty to the acquired E and T. Because
F(8) curves of 5-QL nanosheets have not reached the membrane stretching regime,” and it is
argued that E and T are thickness-independent in the range of 5~14 QLs. In addition, among
5~14 QL nanosheets, k,p values of each group are from the same 2D nanosheet (i.e., same
crystal quality), and 2D nanosheets for all four groups are from the same mica substrate (i.e.,
same growth batch) and from the same transfer step (i.e., a similar degree of pretensioning),
which presumably mitigate the uncertainty of our analysis.

Using the extracted E (averaged, ~18.7 GPa) and the measured 73;,, (averaged, ~26.8 nm,
see Figure S6), one could estimate the in-plane stress exerted by the tip at the central, protruding

15,16

part of the 2D nanosheet. In Bhatia ef al.’s model, the stress is expressed as:**

2D

2D
_ FappliedE
aapplied -

ATT

(3)

Where E?P = E - t is the 2D modulus. For a normal force of 15 nN (i.e., within the elastic range)
applied to the 5-QL nanosheet (see Figure 2(e)), aggp”ed yields 2.0 + 0.4 N/m, corresponding to

0.40 + 0.08 GPa for the 5-QL nanosheet under the specific elastic stretching state, i.e., 2~3 %

strain. Without a rupture using the maximum force that could be applied by our AFM platform,
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we expect that a larger breaking strain (i.e., > 3%) can be obtained for the Bi,Te; 2D nanosheets.
Meanwhile, the pretension (0.011~0.028 N/m) is presumably owing to possible crystal defects
and the suspension. As shown in Figure 2(c), the suspended surface profile (with F=0.02 nN) of
the 5-QL nanosheet evidences the nanosheet attachment at the hole’s sidewall, which is 3~5 nm
in depth around the periphery of the hole. Similar sidewall attachment is also commonly
observed in suspensions of other 2D nanosheet samples, which would contribute to the nanosheet
pretension to a varied extent.'> '°

The Young’s modulus of Bi;Te; 2D nanosheets extracted from the linear regime (6~0)
was found to be significantly decreased, surprisingly being only 22~49 % of Bi,Te; bulk in-
plane Young’s modulus (50~55 GPa at room temperature).”” *° Table 1 summarizes Young’s

15-19:23.31.32 and bulk samples.” ™’ In comparison

moduli of van der Waals family 2D nanosheets
with other van der Waals family 2D nanosheets, multi-QL Bi,Te; 2D nanosheets have an
extremely small Young’s modulus (yet larger than that of the flakes of metal organic
frameworks, MOFS38), and yet show remarkable, robust elastic behaviors. The reduction of
Young’s modulus may be attributed to crystal defects, since antisites and/or vacancies could be
formed in Bi,Te; crystal during the van der Waals epitaxy. Similar reductions of Young’s
modulus were also observed in defective monolayer graphene sheets (E increases first then
decreases with the defect density)’® and defective 2~5 layered boron nitride 2D nanosheets.*?
The defect-dependent crack propagation in the defective graphene monolayers was also
investigated by the AFM nano-indendations.”® Without crystal defects, theoretically calculated
moduli of graphene and boron nitride monolayers are comparable to their bulk counterparts,*'
which is indeed consistent with the experimental work on pristine graphene.'” Another

possibility of the Young’s modulus reduction is the size effect as observed in Si nanofilms,*>*
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because surface relaxation and surface energy may play a role in 5~14 QL Bi,Te; 2D
nanosheets.**

It is also noticeable in Table 1 that 2D nanosheets of transition metal dichalcogenide
have Young’s moduli larger than their bulk values. For example, multi-layered MoS, nanosheets
have Young’s moduli comparable with the bulk counterpart. Strikingly, Young’s modulus of
monolayer MoS, is larger than that of multi-layered MoS,."®'" ** The increase in Young’s
modulus from multi-layered MoS, to monolayer MoS, is ascribed to a reduced contribution of
interlayer sliding or stacking defects.'” ' Yet, this factor may not be applied for BiyTe; 2D
nanosheets owing to the Young’s modulus reduction from its bulk value. Limited by the yield of
our 2D nanosheet transfer, Bi;Te; 2D nanosheets with 4-QL or less could not be characterized in
this work, and thus it is still uncertain whether 1-QL Bi,Te; 2D nanosheets have a Young’s
modulus comparable to its bulk value, as shown by graphene.'> Future works of elastic properties
of 1~4 QL Bi,Te; 2D nanosheets will help elucidate the fundamental understanding of their
elastic properties, and further help enrich the knowledge of mechanical properties of van der
Waals family 2D nanosheets.

Conclusions

In summary, van der Waals epitaxy grown Bi,Tes 2D nanosheets were successfully
detached from mica substrates and suspended over an array of holes, allowing mechanical
properties to be tested for the first time via AFM based nano-indentations. Elastic behaviors of
Bi,Te; 2D nanosheets were confirmed to be robust during nano-indentation tests. The averaged
Young’s modulus among 5~14 QL nanosheets is much less than that of bulk Bi,Te;, and also
significantly less than other van der Waals family 2D nanosheets, such as graphene, MoS,, WS,,

h-boron nitride, and mica. The elastic properties of 5~14 nm-thick Bi,Te; nanosheets are of

10
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interest for the TSS research, because TSSs would hybridize when the thickness of a TI film is
thinner than TSSs’ penetration depth (i.e., 5 nm for Bi,Tes).* 7 The significantly enhanced
compliant properties of TI-based 2D nanosheets suggest the likelihood of elastic strain
engineering of TSSs towards practical applications.
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Figures and Figure Captions:

Figure 1. Bi,Te; 2D nanosheets prepared by the van der Waals epitaxy, and their transfer to the
porous substrate. (a) Photograph of the mica substrate (~2x4 cm) after a typical growth. The
deposition area shows a grayish color. The upstream and the downstream area are marked
respectively by a green square and a red square, and their optical images are shown in (b) and
(c), respectively. (d) Optical image of two representative Bi,Tes 2D nanosheets, identical to ones
labeled by the pink rectangle in (b). Insets are AFM cross-sectional profiles (cyan) showing the
quantities of quintuple layer stacking. (e) Optical image of two representative BiyTe; 2D
nanosheets after being transferred. Optical colors of suspended regions (labeled by green arrows)
are clearly different from colors of supported regions, and also very different from colors at

collapsed regions (labeled by red arrows).
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Figure 2. BiTe; 2D nanosheet elastic measurements using the AFM platform. (a) Schematic

showing a triangular 2D nanosheet covering an array of holes, and one suspended circular

nanosheet being probed by an AFM tip. (b) AFM topography image (contact mode, F= 0.02 nN)

of the transferred, circular 2D nanosheet. The 60° angle mark (cyan) depicts the transient growth

toward a triangular morphology. Inset is the cross-sectional profile indicating the 2D nanosheet

thickness = 5+0.5 nm, i.e., 5 QLs. (¢) Contact mode, cross-sectional profiles across the center

of the circular hole covered by the 5-QL nanosheet (the upper/left one in (b)). Contact forces,

ranging from 0.02 to 2.95 nN, were applied to the suspended circular nanosheet. (d) Schematic

of the AFM based nano-indentation test for acquiring F (&) behaviors. (e) F(§) curves of three

different ramping cycles, which were acquired using the same suspended nanosheet presented in

(¢). (f) Representative F(J) curves of 5 QLs, 8 QLs, and 14 QLs with linear fittings at 6 ~ 0

(black dash lines) for acquiring k.
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Figure 3. Plots of k,p vs. (t3/r?) in the (a) linear and (b) logarithmic scale, consisting of 26

samples in total. The linear fitting was performed, resulting a deviation comprising the upper

(red dot line) and the lower limit (black dot line). Error bars for all 26 samples in the x-axis are

based on the AFM measurement errors on the 2D nanosheet thicknesses and suspended circular

nanosheet radii, while error bars in the y-axis are mainly due to AFM cantilever spring constant

calibration errors (available in the SI).
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Table 1. Young’s moduli of van der Waals family 2D nanosheets acquired by AFM nano-

indentations, which were extracted either in the F~& regime (labeled by *) or the F~83 regime.

Bulk Young’s moduli and theoretical predictions (labeled by *) are also included.

Van der Waals # of Young's Modulus Reference
2D materials Monolayers (GPa)
5~14 (F~8) 18.7+7.0" This work
Bi,Te; 3~15 37~53 * Y. Tong et al. **
Bulk (in-plane) 54.2 J. Jenkins et al. *°
Bulk (in-plane) 51.4* B. Huang and M. Kaviany *°
1 1000 + 100 C.Lecetal
Graphene 1 1029 * Kudin et al. *!
Bulk 1020 + 30 O. L. Blakslee e al.
1 207.6 +£23.4
Graphene Oxide 2 223.9+17.7 J. Suk et al. *!
3 229.5+27.0
é 227000116000 S. Bertolazzi et al. '°
5~25 330+ 70" A. Castellanos-Gomez et al. '’
MoS, 1 264 + 18 . 19
) 228+ 16 K. Liu et al.
1 195 + 49 R. Cooper et al. '®
Bulk 238 J. Feldman **
1 272+ 18 K. Liu et al.
WS, . 35
Bulk 150 Sourisseau et al.
2~5 233 +£32 L. Song et al. **
h-Boron Nitride 1 810 * Kudin et al. *!
Bulk 811 Bosak et al. *°
Mica 2~14 202227 A. Castellanos-Gomez et al. 233 7
Bulk 176.5+ 1.1 L. McNeil and M. Grimsditch
MOFs 1~50 5+0.5 C. Hermosa et al.’*
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