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2D monolayers represent some of the most deformable inorganic mate-

rials, with bending stiffnesses approaching those of lipid bilayers. Achieving
2D heterostructures with similar properties would enable a new class of
deformable devices orders of magnitude softer than conventional thin-film
electronics. Here, by systematically introducing low-friction twisted or hetero-
interfaces, interfacial engineering is leveraged to tailor the bending stiffness
of 2D heterostructures over several hundred percent. A bending model is
developed and experimentally validated to predict and design the deform-
ability of 2D heterostructures and how it evolves with the composition of the

such as emergent quantum states®>! and
the ability to modify their bandstructure
and interlayer conductivity."1% Interfacial
interactions are just as important to the
mechanics of 2D multilayers and hetero-
structures, where they govern dislocation
creation and propagation, interfacial fric-
tion, and bending."' In particular, 2D
multilayers have been shown to exhibit
unusual, interface-dominated bending
properties because of their highly aniso-

stack, the atomic arrangements at the interfaces, and the geometry of the

tropic structure and weak van der Waals
bonds.[81]

structure. Notably, when each atomic layer is separated by heterointerfaces,
the total bending stiffness reaches a theoretical minimum, equal to the sum

of the constituent layers regardless of scale of deformation—lending the

2. Overview

extreme deformability of 2D monolayers to device-compatible multilayers.

1. Introduction

Across materials systems, interfaces represent opportunities to
manipulate or realize new properties. 2D materials represent
the ultimate limit for interfacial engineering, where it is pos-
sible to independently control and design each interface by
stacking individual atomic layers of one or more materials held
together by weak van der Waals forces.!! The resulting struc-
tures can include aligned or twisted stacks of the same material
or vertical heterostructures of different materials,”l where one
can readily alter the relative lattice constant and in-plane rota-
tion between layers. Control over the interlayer interactions has
produced remarkable electronic properties in 2D multilayers,

Here, we harness interfacial engineering

to demonstrate control over the bending

stiffness and deformability of 2D hetero-
structures. We experimentally and computationally measure
the bending stiffness of 2D multilayers and heterostructures
while systematically engineering commensurate, twisted or
heterointerfaces by varying the ordering of the layers. We
build a simple model, adapted from continuum laminated and
Timoshenko beam theories, to predict and design the bending
stiffness of arbitrary 2D heterostructures. In this model, the
complex mechanics of 2D heterostructures are reduced to two
simple, measurable components: a contribution from each
atomic layer and a contribution from each interface. Using
this model, we show that incorporating interlayer twist and
heterointerfaces reduces the interfacial friction nearly to zero.
By controlling the number and position of such interfaces, we
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Figure 1. Bending of four-layer 2D heterostructures composed of two graphene (G) and two MoS, (M) layers. a) Schematic of a heterostructure draped
over an atomically sharp step of h-BN. b—e) Cross-sectional ADF-STEM images of four different 2D heterostructures (GMGM, MGGM, GMMG, and
MMGQG) with identical composition but different stacking orders. We measure the bending profile of each heterostructure through geometric para-
meters: the radius of curvature (R), bending angle (6), and step height (H), as shown in Figure Te. Scale bars are 2 nm. f) Plot of bending stiffness for
each heterostructure, colored by bending angle. MGGM, GMMG, and MMGG show a strong bending angle dependence in bending stiffness. In con-
trast, GMGM shows no bending angle dependence. At low bending angles, the measured bending stiffness is higher for structures with more aligned
interfaces (those containing MM or GG). At high bending angles, the bending stiffnesses of all four structures converge to approximately 20-25 eV.

demonstrate methods to vary the bending stiffness by several
hundred percent. A particularly interesting limit occurs when
each atomic layer is separated by misaligned hetero- or twisted
interfaces. We show that in such systems, the bending stiff-
ness of the overall structures scales as the linear sum of the
bending stiffness of each individual layer. This limit repre-
sents the theoretical lower limit of bending stiffness of 2D het-
erostructures. Such control will be instrumental in the design
of emerging classes of devices that take advantage of the low
intrinsic bending stiffness of atomically thin films to create
highly deformable devices, including nanoscale origami or kiri-
gami machines?%2% and flexible 2D electronics.[?*27)

3. Results and Discussion

In Figure 1, we demonstrate that interfacial engineering offers
profound control over the bending stiffness of 2D multilayers
and heterostructures. We study the bending of four-layer 2D
heterostructures formed from stacks of graphene and MoS,
draped over discrete atomic steps in hexagonal boron nitride
(h-BN), shown graphically in Figure 1a. By using h-BN steps
of different heights, we vary the degree of deformation of the
laminated structure. This configuration allows us to apply con-
trolled out-of-plane deformations to 2D materials and measure
the resulting bends using aberration-corrected scanning trans-
mission electron microscopy (STEM). Figure 1b-e shows
cross-sectional STEM images of four-layer heterostructures on
h-BN steps in different stacking orders: b) graphene/MoS,/
graphene/MoS, (GMGM), c¢) MoS,/Bernal-stacked bilayer gra-
phene/MoS, (MGGM), d) graphene/2H-stacked bilayer MoS,/
graphene (GMMG), and e) 2H-stacked bilayer MoS,/Bernal-
stacked bilayer graphene (MMGG). We categorize inverted
stacking orders (e.g., GMGM vs. MGMG, or MMGG vs.
GGMM) together in our figures. Because each heterostructure
is composed of the same constituent layers, any differences in
bending properties must result from the differences in their
interfacial interactions.

Adv. Mater. 2021, 33, 2007269

2007269 (2 of 8)

To fabricate these structures, we use dry pickup and transfer
methodsP%3! to sequentially pick up monolayer or bilayer gra-
phene and MoS, (see Figure S1, Supporting Information). All
of the bilayer components in these structures are obtained
via mechanical exfoliation from bulk crystals and are Bernal-
stacked for bilayer graphene and 2H-stacked for MoS,.233l
These materials are of similar quality to those used in many
2D heterostructure friction experimentsi*3¢; due to their low
defect concentration, we do not expect defects to contribute a
measurable effect to our bending measurements. Next, we
transfer these heterostructures onto atomically sharp h-BN
steps and anneal the samples at 350 °C for 10 h. We use
Raman spectroscopy and atomic force microscopy (AFM) to
confirm the cleanliness and uniformity of the heterostructures
(see Figures S2 and S3, Supporting Information), and then we
prepare cross-sectional TEM samples using standard focused
ion beam lift-out procedures.

As we have previously shown, cross-sectional STEM imaging
offers a powerful platform for measuring the bending stiff-
ness of 2D materials.'® First, we measure the bending profiles
of the heterostructures in each STEM image, specifically the
radius of curvature R, bending angle 6, and h-BN step height
H as shown in Figure le. Throughout this paper, we define the
bending angle as the angle subtending the two lines perpen-
dicular to the straight sections on either side of the bend. By
assuming the structure is in thermodynamic equilibrium, we
then apply a simple energetic model in which the conformation
is governed by a competition between adhesion and bending
(see Section 1.1 in the Supporting Information for derivation).
We calculate the bending stiffness from the geometric param-
eters from each STEM image, using the following equation:!'®!

©)

B RF(H—zg(lz—cose))
sin” @

Here, B is the bending stiffness or flexural rigidity of the
material stack, similar to the continuum bending stiffness of
isotropic materials EI, rather than the stiffness of the entire

© 2021 Wiley-VCH GmbH



ADVANCED

SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

www.advmat.de

a e Archa i .
PHNN § § O ok rmehair - ___opmMm Zigzag ]
oo e ey — tMM
= -§ K === a-GM ]
J"“l" 884 £ =
, , o8 SP2
.4 o o O E’E 0 "
g@ 2H 2H" 2H 2H
2
oS 0.02+ _
7
N ¥ 0.01 .
Do S gk \
100880168 0 4

Sliding distance (A)

Figure 2. DFT calculations for the interlayer sliding energy barrier of aligned, twisted, and heterointerfaces in 2D materials. 1.1 Top view of DFT simu-
lated atomic structure of: a) 2H-stacked bilayer MoS, (2H-MM), b) twisted bilayer MoS, (t-MM), c) non-twisted graphene—MoS, (a-GM), and d) twisted
graphene-MoS, (t-GM). The red dotted lines in (b) and (d) indicate the twist angle ¢ between the top and bottom layers. e) Plot of DFT simulated
sliding energy barriers of bilayer MoS, (solid line) and graphene-MoS, (dashed line) versus the sliding distance along two different sliding directions
(armchair and zigzag). For each structure, the sliding direction is defined in reference to the bottom layer. SPT and SP2 indicate barrier heights at the
saddle points. The line colors represent different structures: 2H-MM (blue), t-MM (green), a-GM (orange), and t-GM (grey). The barrier heights for the
aligned structure 2H-MM are two to three orders of magnitude larger than for the three misaligned interfaces (t-MM, a-GM, and t-GM).

structure. T is the interfacial adhesion energy between the
bottom layer of the stack and the h-BN substrate (126 m] m~2 for
graphene/h-BN and 136 m] m~2 for MoS,/h-BN).I¥38] For each
heterostructure, we image and measure several bending pro-
files—35 different steps in total (see Figures S4-S7, Supporting
Information). In calculating B, the two biggest sources of error
stem from the measurement of the geometric parameters
and uncertainty in the adhesion energy I' (further discussion
in Section 1.1 in the Supporting Information). Despite these
potential sources of error, we have previously shown that our
methods provide highly accurate and precise measurements of
B for 2D materials.['®l

Figure 1f shows the extracted bending stiffness of each four-
layer heterostructure (see Figure S8, Supporting Information
for error bars, which are left off here for clarity). Notably, while
the minimum values of B for all four structures cluster around
20 eV, the range of B increases with the number of aligned
interfaces in the stack. The bending stiffness of MMGG, where
MoS, and graphene occur as aligned bilayers, shows the widest
spread of 20-80 eV. In contrast, the bending stiffnesses of
GMGM, where the graphene and MoS, layers alternate, are
tightly clustered between 20-26 eV. Another difference emerges
when we examine the dependence of bending stiffness on
bending angle, indicated by the color coding in Figure 1f. The
bending stiffnesses are inversely correlated with bending angle
for the three structures that contain aligned interfaces (MGGM,
GMMG, and MMGG), while we observe no bending angle
dependence for GMGM. These data demonstrate the key role
of interfaces in tuning the bending stiffness of 2D heterostruc-
tures—they determine both the quantitative values and the
bending angle-dependent trends in B.

In Figure 2, we use density functional theory (DFT)
simulate the interfacial interactions present in a 2H-stacked
bilayer MoS, (2H-MM), twisted bilayer MoS, (t-MM), and
graphene-MoS, (GM) heterostructure (see Section 1.2 and
Figure S9, Supporting Information for simulation details).
These bilayers represent the different interface types in 2D
multilayers: an aligned interface between like materials
(2H-MM) and misaligned interfaces from either interlayer

3940] 10,
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twist (t-MM) or lattice mismatch (GM). We use the term
“misaligned” to encompass both commensurate and incom-
mensurate twisted and heterointerfaces because we find these
structures behave similarly. Figure 2a-d shows top-down sche-
matics for 2H-MM, t-MM (for twist angle ¢ = 36.6°) and GM
(for ¢=0° and ¢ = 10.9°). Figure 2e shows the simulated sliding
energy landscape for each bilayer, representing the energy
required to displace one layer relative to the other along each
of two directions: armchair (AC) (1100) and zigzag (ZZ) (2110).
In each structure, the sliding direction is defined in reference
to the bottom layer. 2D multilayers bend primarily via interlayer
shear and slip,'® where each atomic layer slides to accommo-
date the geometric arc length differences. In this context, the
interfacial sliding energy barrier contributes to the effective
bending stiffness of the 2D stack because it resists slip. The
sliding energy barrier height for 2H-MM is 1-2 eV nm™,
two orders of magnitude larger than those for +tMM and GM
(0.01-0.02 eV nm™), consistent with the Frenkel-Kontorova
model, which describes the origin of reduced interlayer fric-
tion in 2D multilayers at heterointerfaces and twisted inter-
faces.l734354142] Thege plots also show that the interlayer
friction is strongly dependent on the sliding direction and crys-
tallographic bending direction for aligned bilayer MoS,,*24]
but not for twisted interfaces and heterointerfaces. We obtain
similar results for the 1T phase of MoS,; (see Figure S19, Sup-
porting Information). By directly comparing 2H-MM, t-MM,
and GM, our studies show that either introducing twist or het-
erointerfaces reduces the interlayer sliding energy barrier, and
should therefore reduce the bending stiffness of 2D stacks.

In Figure 3, we examine how the differing interlayer inter-
actions of twisted, aligned, and heterointerfaces affect the
bending properties of 2D bilayers t-MM, 2H-MM, and GM.
Figure 3a—-d shows cross-sectional STEM images of mono-
layer MoS, (M), t-MM, 2H-MM, and GM bent over h-BN
steps. Figure 3e,f plot the experimental and DFT calcula-
tions of B for each structure (see Figure S10-S14, Supporting
Information for raw experimental data and error bars). In
the DFT simulations, the bending stiffness is evaluated
by measuring the energy required to deform the bilayers

© 2021 Wiley-VCH GmbH
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Figure 3. Experimental and DFT bending measurements of aligned, twisted, and heterostructure bilayers. a—d) Cross-sectional ADF-STEM images of:
a) monolayer MoS, (M), b) twisted bilayer MoS, (t-MM), c) 2H-stacked bilayer MoS, (2H-MM), and d) a graphene—-MoS, heterostructure (GM). Scale
bars are 2 nm. e) Plot of experimental (diamonds) and DFT (circles) values of bending stiffness for each structure, colored by bending angle. 2H-MM,
the only structure with an aligned interface, shows the widest spread in bending stiffness spanning 14-55 eV with a strong bending angle dependence.
f) Bending stiffness versus bending angle for 2H-MM, t-MM, and M. The error bars represent one standard error propagated from measurement
precision. The upper and lower limits of the shaded regions indicate DFT predictions for bending along the zigzag and armchair directions. 2H-MM
converges with t-MM at high bending angles. g) Impact of twist angle on bending stiffness for twisted bilayer MoS,. We observe no impact of t-MM

bending stiffness on twist angle or bending angle.

into rippled structures (simulation details in Section 1.3
and Figures S15 and S16, Supporting Information).'3# In
Figure 3e, we see strong agreement between experimental
and DFT values. For monolayer MoS,, we obtain a mean B of
10.1 £ 0.3 eV from DFT and 10.5 £ 3.8 eV from experiment,
consistent with literature values.[*># For the bilayer struc-
tures, Figure 3e,f show a strong bending angle-dependent
bending stiffness for the aligned interface in 2H-MM, but not
for the twisted and heterointerfaces in t-MM and GM. Figure 3g
examines the bending stiffness of twisted bilayer MoS, as a
function of interlayer twist angle (also see Figure S17, Sup-
porting Information). We find that the bending stiffness of
t-MM does not exhibit a measurable dependence on the inter-
layer twist angle.

We can understand the data in Figure 3 by breaking down
the bending stiffness of 2D multilayers and heterostructures
into contributions from each constituent monolayer and inter-
face. For the misaligned or twisted structures, the experimental
measurements yield B,y = 20.3 £ 2.8 eV and B¢y = 11.8
1.9 eV, very close to the sum of bending stiffness of their indi-
vidual component layers. These data indicate that misaligned
interfaces either from heterointerfaces or nonzero twist angles
provide a negligible interfacial contribution to the bending stiff-
ness. We expect these results to hold for any misaligned inter-
face where there is not significant lattice reconstruction, which
may alter the interlayer friction.'>*~%]

In contrast, the interfacial contribution to the bending stiff-
ness for aligned multilayers is comparable to or even larger than
the intrinsic bending stiffness of the individual layers across a
wide range of bending angles. The bending stiffness of bilayer
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2H-MM gradually decreases from 60 to 20 eV with increasing
bending angle, converging to that of t-MM for bending angles
above 30-60°. This trend echoes what we previously observed
in aligned few-layer graphene, and is a result of the reduction
of the interlayer atomic registry and corresponding reduc-
tion in the interlayer friction as the material is bent.'®! From
this trend, we conclude that the additional bending stiffness
at low bending angles arises from interfacial interactions. For
example, we measured a 2H-MM structure at a bending angle
of 10°, finding an effective bending stiffness of 55 eV, reflecting
a contribution of 21 eV from the intrinsic bending stiffness of
the two MoS, layers and 34 eV from the interfacial interactions.
Using these insights, we develop a model to predict and
design the bending stiffness of arbitrary 2D heterostructures:

B= ZBml,i +Zf,a.sj(9)-(Rj~e)2 (2)

where N is the total number of layers, B, ; is the monolayer
bending stiffness of the ith layer, a is a geometric factor that
describes the boundary conditions (details in Section 1.4 in the
Supporting Information), and 6 is the bending angle. R; and
Sj(6) are respectively the radius of curvature and interfacial
shear energy at the jth interface. While we focus on graphene
and MoS, in this work, we expect our model to be generaliz-
able across van der Waals bonded materials. This model is an
atomistic version of continuum anisotropic Timoshenko and
laminated beam theories,’*3 where the material and interfa-
cial values arise from discrete and nonlinear atomic scale inter-
actions rather than continuum linear elastic constants or the

© 2021 Wiley-VCH GmbH



ADVANCED

SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

www.advmat.de

a < Mos,Hmw) | ° . o ameMm | © ¢ Individual B
t ¢ Experiment & = ¢ MMGG ;25-£ M§§2|B ‘e 1
sS150F | O DFT 1% . Model | © GMGM
2 2 '-3100. - (GMGM) | m o0l t-MM
<g R @ m Model §
[ = ® B wn 5
& #‘O\‘@ 2 50} ?f 210 M
o 50 ‘4 R 413 S
(% \\ 2 qc" s 5 ‘
O
£ & 0% “ g% s BB | o5
0 H!IM___I‘..‘.’.Q.._____:f_)_'ll“_‘::l::(}. G ) ) ) ) )
0 20 40 60 0 10 20 30 0 5 10 15 20 25 30
Bending Angle 6 (°) Bending Angle 6 (°) Sumof B, (eV)
d e al f —
900} 580 aT" m { 800 . N=8, sligned
C i573 " Izs v % .
© 8e Q O
@700} ™ =|{ @600 s
3 576 @ Aligned @ - 30}
2 1234567 | @ ® o
E500t Misaligned Interface | & 400 ~
n Position & [ D 5
2 &P 2 A
£ c ®
2300} S 500 -
& 8 Twisted 10 .
@) PO N = 3, twisted
. ]
4 . oloeee®®” ™ ————
0 1 2 3 4 5 B 2 4 6 8 10 0 2 4 6 8 10

Number of Misaligned Interfaces

Number of MoS, layers N

Arc Length L (nm)

Figure 4. Bending model and design rules for deformable 2D multilayers and heterostructures. a) Interfacial shear energy S(6) for 2H-MM, calculated
from experiment (filled diamonds) and DFT (empty circles). The red shading indicates the spread in DFT predictions between bending along the zigzag
and armchair directions. The gray dashed line and shading indicates mean and spread in experimentally derived S of +-MM propagated from measure-
ment error. b) Bending stiffness of MMGG (green) and GMGM (yellow). The diamonds indicate experimental values from STEM images, whereas the
squares indicate predicted values from the model. The error bars represent one standard error propagated from measurement precision. c) Experimental
measurements and model predictions of bending stiffness for structures without aligned interfaces: monolayer graphene, monolayer MoS,, +-MM, GM,
and GMGM. For each structure, the mean experimental B (purple crosses) is within 0.4 eV of the model predictions(black line). d) Bending stiffness
versus number of misaligned interfaces for 8-layer MoS,. For (d—e), a symmetric S-shape is assumed with 6= 10° and radius of curvature R =10 nm at
the neutral axis. For this structure, B tunes by more than 600% with the number of misaligned interfaces. Inset in (d): Dependence of bending stiffness on
position of a misaligned interface for a structure containing one misaligned interface. e) Bending stiffness versus thickness for aligned and twisted MoS,
multilayers. The slope of B with thickness for misaligned stacks is equal to the monolayer bending stiffness. f) Bending stiffness versus arc length for
aligned and twisted multilayer MoS, with 8=10°. The bending stiffness of aligned stacks scales quadratically with the system size but is constant for mis-
aligned stacks. The dashed lines indicate when the prediction becomes nonphysical at small bend sizes where R approaches the thickness of the 2D stack.

Amonton—-Coulomb description of friction. A key term in this
equation is the interfacial shear energy S;(6), which represents
the contribution of an interface to the total bending energy.
S(6) in aligned interfaces is distinct from the continuum shear
modulus G because it is not a constant, but instead depends on
bending angle. Because S is dependent on the atomic arrange-
ments at each interface, it can be directly manipulated via
interfacial engineering.

Figure 4a compares the experimentally derived and com-
putationally predicted values of S(6) for aligned 2H-MM
and misaligned t-MM (see Section 1.5 and Figure S18, Sup-
porting Information for S(6) for graphene). Red shading indi-
cates the difference in DFT predictions for bending along the
zigzag and armchair directions; this spread exists because, for
aligned multilayers, the bending stiffness is dependent on the
bending direction with respect to the crystal lattice.'®! From
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experiment, we observe S,y vy and Sps.cg (for Bernal-stacked
bilayer graphene) up to 140 and 95 eV nm™, respectively;
these large values indicate that the interfacial interactions S(6)
dominate at low bending angles. In contrast, we measured
Spmm = —0.5 + 47 eV nm™2 and Sgy = —0.2 £ 1.4 eV nm™2
These values are zero to within our measurement error, con-
firming that twisted and heterointerfaces are nearly frictionless
and thus do not contribute to the bending stiffness.

In Figure 4b,c, we show that our model can quantitatively
predict the bending stiffness of arbitrarily complex 2D heter-
ostructures, including those which are too large to simulate
directly using first-principles calculations. Figure 4b plots
the bending stiffness versus bending angle for four-layer het-
erostructures GMGM and MMGG measured experimentally
(diamonds) and predicted by our model (squares). For our
prediction using Equation (2), B, comes from DFT, while

© 2021 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

R, 6, and S are derived from experiment. Overall, we obtain
strong agreement between experiment and the model for both
structures. For GMGM (yellow), the model predicts a con-
stant B = 23.0 eV across all bending angles, as compared to
22.8 £2.1eV from experiment. For MMGG (green), our model
yields B that are accurate to within our experimental error for
each structure; mismatch between the model predictions and
experiment primarily arises from uncertainty in S(6) because
the bending direction is unknown and different between
each sample.

For structures where each individual layer is separated by
twisted or heterointerfaces, S approaches zero and the bending
stiffness (Equation (2)) simplifies to:

B = zBml,i (3)

Figure 4c plots the experimentally measured bending stiffness
of GM, t-MM, and GMGM—all structures with only misaligned
interfaces—against the sum of their monolayer bending stiff-
ness components B, predicted from DFT. We also include
values for monolayer graphene (G),®¥l and monolayer MoS,
(M) for reference. While there is a spread in the individual
measurements of B (black diamonds), we find that the mean
experimental B for each structure (purple crosses) can be pre-
dicted to within 0.4 eV of our model prediction (black line).
This behavior may be understood in the context of continuum
mechanics laminated beam theory, where the bending stiffness
of a stack of frictionless beams is equal to the sum of bending
stiffness of each beam, leading to a bending stiffness that scales
linearly with the number of layers and represents the theoret-
ical lower limit of bending stiffness for a 2D multilayer.

In Figure 4d—f, we utilize our bending model to establish
design rules to control the bending stiffness of 2D heterostruc-
tures. First, because S approaches zero for misaligned inter-
faces, incorporating twisted and heterointerfaces will decrease
B. This principle is illustrated in Figure 4d, where we apply
the model to predict how the bending stiffness should vary
for 8-layer MoS; as a function of the number of twisted (i.e.,
misaligned) interfaces. For this prediction, we assume a sym-
metric S-shaped curve with a constant bending angle 6 = 10°
(Som — mm(6) = 80 eV nm~2) and radius of curvature R = 10 nm
at the neutral axis. In a fixed geometry, the bending stiffness
decreases roughly linearly with the number of heterointerfaces.
B is also weakly dependent on the location of the twisted inter-
face (see inset, Figure 4d and width of red line in 4d). For a
fixed number of twisted interfaces, the B is highest when the
twisted interfaces are closest to the center of the 2D multilayer.
The symmetric position dependence is a result of the sym-
metric S-shaped curve used, so interface 1 is equivalent to
interface N-1.

Figure 4e,f shows that interfacial engineering becomes
more important when the overall thickness and size of the 2D
multilayers increase. Figure 4e plots the bending stiffness as a
function of thickness for aligned (2H-stacked) and misaligned
(twisted) multilayer MoS,, under the same fixed geometry as
in Figure 4d. Figure 4f plots the bending stiffness of aligned
or misaligned multilayer MoS, of different thicknesses as a
function of arc length L, which represents the length of the

Adv. Mater. 2021, 33, 2007269

2007269 (6 of 8)

www.advmat.de

sample that is bent to a constant curvature. In both cases, the
relative contribution from the interface compared with the con-
stituent monolayers increases drastically as a function of thick-
ness or bend size. In the misaligned multilayers, the bending
stiffness is a linear sum of the stiffness of each layer, and it
is independent of the size of the bend. The dependence of B
with N and L for the aligned structure is more complex. For
nonzero S, the interfacial contribution to the bending stiffness
increases quadratically with the system size and linearly with
the number of interfaces; these scaling laws are consistent with
the predictions of Timoshenko beam theory for anisotropic
materials under large deformations. Importantly, the different
scaling properties between aligned and misaligned structures
make it so that their stiffnesses diverge rapidly as the size and
thickness increase. In the limit of device-scale 2D structures,
which typically contain a dozen or more layers and large bends
tens or hundreds of nanometers across, our model indicates
that misaligned structures can be made orders of magnitude
more deformable than aligned 2D materials or conventional
thin films.

These observations have important implications for the
design of 2D heterostructure devices. First, our results dem-
onstrate that the bending stiffness can be tuned over a large
range by manipulating the number—and to a lesser extent, the
location—of misaligned interfaces in 2D stacks. Second, inter-
facial engineering makes it possible to obtain low B structures,
even in devices with a large number of layers. Whereas the
bending stiffness increases rapidly with thickness for conven-
tional thin films, Figure 4 shows that incorporating misaligned
interfaces makes it possible to maintain extremely low B, even
in 2D multilayers. The impact of interfacial engineering is so
significant that, for example, Figure 4f shows that it is possible
to fabricate twisted 30-layer MoS, that is even more deform-
able than aligned trilayer MoS,. Importantly, in structures
where each layer is separated by twisted or heterointerfaces,
the bending stiffness reaches a minimum and becomes inde-
pendent of bending angle and system size for nanoscale to
microscale curvatures. This theoretical lower limit, where the
B is equal to the sum of its constituent B, is particularly pow-
erful because 2D monolayers have exceptionally low intrinsic
bending stiffness—in the range of 1.4-20 eV, or 60-800 kT at
room temperature, on the same order as lipid bilayers.

4, Conclusion

Together, our results demonstrate that interfacial engineering
provides a profound opportunity to manipulate and design
deformable 2D electronics. First, our work shows that 2D heter-
ostructure devices, a diverse class of 2D electronics, are intrin-
sically well-suited to deformable electronics. Second, our work
provides a roadmap to design 2D multilayers to maximize their
out-of-plane deformability by incorporating twisted or heteroin-
terfaces. Because the thickest component of 2D nanoelectronics
like transistors is often a h-BN dielectric, such modifications
could be made to tune the bending stiffness of 2D devices with
minimal impact on their electronic properties. For example,
one could design a highly deformable transistor in which
each layer—including the h-BN dielectric, MoS, active layer,
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and graphene gate and contacts—is separated by a twisted or
heterointerface. Even in nominally flat 2D electronics, fabrica-
tion methods for high-electrical-mobility devices often include
local gates or contacts, which produce bent 2D layers.**>! In
this context, our work can also inform the design of more com-
plex 3D architectures for 2D electronics, including conformal
2D contacts or highly curved 3D circuits. Finally, these design
principles will be important for an emerging generation of
reconfigurable 2D devices, including folded, curved, and crum-
pled nanostructures, where they may enable flexible, stretch-
able, or conformal circuitry that are orders of magnitude more
deformable than conventional electronics.

5. Experimental Section

Fabrication of van der Waals Heterostructures: To fabricate graphene—
MoS,; heterostructures, established hot pick-up techniques were utilized
to produce clean van der Waals interfaces between graphene and MoS,
heterostructures.'®3 First, graphene and MoS, were exfoliated onto
a SiO, (285 nm)/Si substrate with the scotch tape method. To pick
up the monolayer flakes, a transparent sacrificial transfer substrate
was fabricated. A polydimethylsiloxane (PDMS) droplet was deposited
on a glass slide. After curing, the PDMS droplet was covered with
a polycarbonate (PC) film and annealed for 10 min to achieve good
conformation. The pickup and transfer procedures were accomplished
by inserting the target substrates and sacrificial transfer substrate into
an aligned transfer station in a nitrogen glovebox. The monolayer or
bilayer flakes were picked up by contacting the PC-coated PDMS lens
on the designated flake, and increasing the temperature to 90 °C.
This process was then repeated to pick up other 2D flakes to form a
multilayer stack on the PC-coated PDMS lens. Once the pick up process
was done, the multilayer stack was transferred onto terraced hexagonal
boron nitride (h-BN), which was exfoliated on the SiO, (285 nm)/Si
substrate. Once the multilayer stack was fully contacted with terraced
h-BN, the substrate temperature was increased to 180 °C to melt PC
films to release from the PDMS. After the final transfer, the sample was
annealed under high vacuum at 350 °C for 14 h.

To fabricate twisted bilayer MoS, with measurable interlayer twist
angle,’! first monolayer single crystals of MoS, were synthesized via
solid precursor chemical vapor deposition.*®! Monolayer MoS, triangles
were grown by placing molybdenum trioxide and sulfur solid precursors
on top of a SiO, (285 nm)/Si substrate and heated to 675 °C for 5 min
in an argon environment. The monolayer MoS, on the SiO, (285 nm)/Si
substrate was spin-coated with 5% PC dissolved in chloroform and was
attached to the PDMS stamp. The entire structure was then dipped in
a KOH solution to detach the SiO,/Si substrate, leaving the monolayer
on the stamp. Next, the monolayer MoS, flakes on the PC films were
transferred onto another MoS, monolayer flake using aligned transfer
techniques described above.

TEM Sample Preparation: A protective layer of amorphous carbon
that was 5-30 nm thick, was thermally evaporated on top of the 2D
heterostructures. Then, cross-sectional STEM samples were fabricated
using standard focused ion beam (FIB) lift-out procedures in a FEI
Helios 600i Dual Beam FIB-SEM. Final milling was done at 2 kV to
reduce sample damage, using a cryo-can to minimize redeposition.

Aberration-corrected STEM Imaging: The cross-sectional samples were
imaged in a Thermo Fisher Scientific Themis Z aberration-corrected
STEM. The STEM was operated at 80 kV, below the knock-on damage
thresholds of graphene and h-BN, and close to the knock-on damage
threshold for MoS,. A convergence angle of 25.2 mrad was used.

Density Functional Theory Calculations: The Vienna Ab initio
Simulation Package (VASP)’l with the projector augmented wave
pseudopotentialsl®® was used to conduct density functional theory
simulations.’¥% A van der Waals density functional, vdW-DF2,5%
was used to incorporate van der Waals adhesion between different
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2D materials. An energy cutoff of the plane wave basis is 350 eV,
with a total energy conversion criteria of 107* eV. 30 A of vacuum was
included to avoid self-interaction of the 2D material membranes in the
periodic boundary conditions. In Figure 2, the sliding barrier of the
bilayers was calculated from the difference in the total energy of each
configuration (aligned, twisted, heterostructure) when one layer slides
with respect to the other layer compared with the lowest energy position
for each configuration. The displacement of each step was 0.1 A. In
order to calculate the bending energy through simulation, bending was
introduced in the 2D heterostructure by reducing the size of supercell
in a given direction along the basal plane. To induce out of plane
buckling, a small geometric perturbation was introduced to the initial
configuration. To find the ground state geometry, the geometry were
allowed to relax until the forces on each atom were below 0.04 eV A~
The bending energy was then estimated by subtracting the energy of
the flat, uncompressed structure. The derivation of bending stiffness
from local curvature in the simulation is discussed in Section 1.3 in the
Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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