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Abstract:  Key properties of two-dimensional (2D) layered materials are highly strain tunable, 

arising from bond modulation and associated reconfiguration of the energy bands around the 

Fermi level.  Approaches to locally controlling and patterning strain have included both active 

and passive elastic deformation via sustained loading and templating with nanostructures.  Here, 

by float-capturing ultrathin flakes of single-crystal 2H-MoS2 on amorphous holey silicon nitride 

substrates, we find that highly symmetric, high-fidelity strain patterns are formed.  The 

hexagonally arranged holes and surface topography combine to generate highly conformal flake-

substrate coverage creating patterns that match optimal centroidal Voronoi tessellation in 2D 

Euclidean space.  Using TEM imaging and diffraction, as well as AFM topographic mapping, we 

determine that the substrate-driven 3D geometry of the flakes over the holes consists of 

symmetric, out-of-plane bowl-like deformation of up to 35 nm, with in-plane, isotropic tensile 

strains of up to 1.8% (measured with both selected-area diffraction and AFM).  Atomistic and 

image simulations accurately predict spontaneous formation of the strain patterns, with van der 

Waals forces and substrate topography as the input parameters.  These results show that 

predictable patterns and 3D topography can be spontaneously induced in 2D materials captured 

on bare, holey substrates.  The method also enables electron scattering studies of precisely 

aligned, substrate-free strained regions in transmission mode. 
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The large elastic strains that can be endured by few- to monolayer 2D materials have 

drawn interest for flexible, strain-tunable optical and electronic applications.1-6  Indeed, a number 

of methods employing a variety of engineering approaches and physical phenomena have been 

developed for inducing and controlling both local and whole-flake strain in ultrathin crystals of 

layered materials.4,5,7-12  For heterogeneous and designed strain patterning, a variety of substrate 

and nano/microstructure templating methods have been developed, with which local periodic 

flake deformations are generated.  In this way, one can pattern and control modulated optical and 

electronic properties, band-gap gradients, and periodic potential surfaces acting as single 

quantum emitters, crystal/plasmonic heterostructures, and artificial-atom crystals and exciton 

condensers.13-23  Such methods are attractive, as they do not require constant and active 

application of an external load in order to maintain the deformed state, and they enable highly-

controlled, localized heterogeneous strain conditions. 

For substrates with patterned arrays of holes, as have been used for probe-tip 

measurements, pressure-driven deformation of few- to monolayer flakes, and ultrafast studies of 

exciton dynamics,1,9,24-26 a strained configuration should form in the flake over the holes upon 

conformal coverage of a non-flat substrate topography.  For a spatially-undulating topography 

with regular periodicity, the substrate template would thus generate a periodic, symmetric 

repeating strain pattern in the flake consisting of stable, localized deformation states that mimic 

the potential energy surface of an ordered array of atoms in a 2D crystal.  Such an approach 

would have advantages over those employing flat, continuous substrates or those requiring 

constant application of an external load, as unimpeded scattering measurements of the resulting 

strain and its effects could be conducted in a transmission geometry.7,10,25  Accordingly, here we 

employ a common transmission electron microscopy (TEM) specimen-prep method of crystal 
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float-capture onto bare, commercially available holey amorphous silicon nitride substrates for the 

spontaneous generation of stable, highly symmetric, high-fidelity strain patterns in bilayer and 

few-layer single-crystal 2H-MoS2 flakes (simply MoS2 from here forward).  Again, while 

placement of few- to monolayer flakes of 2D materials over substrates with arrays of holes has 

been done,1,9,24-26 the formation of surface tessellation strain patterns from holey substrates with 

regularly undulating surface topography has not yet been reported.  Using TEM imaging and 

diffraction, atomic force microscopy (AFM) topographical mapping, and atomistic and image 

simulations, we show that strain-pattern formation indeed arises from conformal coverage of the 

underlying holey substrate.  Using the same methods, we quantify both the nature and the 

magnitude of the strained regions over the holes, and we find that the periodic strain condition is 

isotropic in the ab plane and quantitatively consistent within individual flakes. 

 

Results and Discussion 

Figure 1 shows the TEM bright-field (BF) contrast patterns formed in bilayer single-

crystal flakes of MoS2 floated onto bare, holey amorphous silicon nitride substrates (see the 

Materials and Methods and Supporting Information for details; Figure S1 summarizes the TEM 

method used to determine the number of layers).  The surface of these substrates (Ted Pella, 

21586-10) is not flat but instead consists of a periodic, undulating topography with regions 

between the holes reaching a height maximum before sloping downward into the hole (e.g., see 

Figures 1e, 3c, 5b, and S8).  Further, the hole edges are not abrupt but instead gradually slope 

downward upon moving toward the hole center (Figs. 5b and S8).  As can be seen in Figure 1a, 

the BF patterns consist of 2D arrays of close-packed hexagonal strong-contrast features, which 

we call “cells”.  For complete hexagonal cells (i.e., cells with all six sides), 12-fold azimuthally 
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symmetric diffraction contrast bend-contour patterns radiate outward from the approximate 

center (i.e., the hub) of each hole in a spoke-like fashion.  The contrast patterns arise from a 

corresponding symmetric real-space distortion of the MoS2 flake such that gradual bending in the 

crystal spatially modulates the Bragg-scattering condition.  For BF imaging this produces regions 

of strong scattering called bend contours, where the Bragg condition is satisfied and the image 

counts are low (i.e., a dark region in the image).27  This is further described below and in the 

Supporting Information. 
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Figure 1.  Diffraction contrast pattern in bilayer MoS2 on a holey silicon nitride substrate.  (a) 

TEM bright-field (BF) image of a bilayer MoS2 single-crystal flake viewed along the [0001] 

direction displaying highly symmetric hexagonal diffraction contrast.  The dashed red hexagon 

outlines a single cell, while the yellow double-headed arrow marks the separation between two 

adjacent cell center points.  (b) Calculated Voronoi diagram (red) overlaid onto the observed 

pattern.  Red dots mark the centers of the substrate holes determined using circular Hough 

transforms (see the Supporting Information).  The yellow triangle highlights the flake edges.  (c) 

Correlation color map of the calculated Voronoi diagram and the experimental pattern.  The 

color bar denotes the correlation coefficient, with red being a perfect correlation of 1.00.  (d) 

Magnified view of one cell with the approximate edges outlined in red.  (e) Cross-sectional 3D 

schematic view of the flake and substrate showing conformal deformation of the MoS2 bilayer.  

Representative lattice configurations for views along the layer stacking direction and parallel to 

the basal planes are also shown for reference. 

 

We first consider the hexagonal contrast cells before discussing the spoke-like zone-axis 

pattern (ZAP) and then the associated flake deformation and strain.  The hexagonal contrast 

patterns resemble a tessellated surface correlated with the patterned hole array.  To demonstrate 

this, we used circular Hough transforms to find the geometric center of each hole (to avoid 

introducing experimenter bias) and then generated an optimal 2D centroidal Voronoi diagram 

that we then compared to the hexagonal contrast pattern in the TEM image (Fig. 1b,c) (see also 

the Supporting Information and Figure S2).  The strong positive correlation between the 

experimental and calculated pattern confirms that the substrate hole configuration is at least 

partly responsible for the observed contrast pattern.  That is, the number of sites (holes) covered 
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by the flake match the number of observed hexagonal contrast cells.  Further, the cell size is 

dependent upon the overall site density, and the average pitch of the holes (406 ± 4 nm) agrees 

with the average distance between neighboring sites (410 ± 6 nm). 

While the hexagonal arrangement of the substrate holes and the formation of hexagonally 

close-packed diffraction contrast patterns are clearly connected, the ZAP and the associated flake 

deformation are not completely described by tessellation alone.  Importantly, the ZAP is a direct 

indicator of the degree of flake deformation over the hole, and therefore the flake strain, that is 

driven by the substrate topography.  Before discussing this, we briefly note two other features in 

the BF images.  First, magnified views reveal the relationship of the sides of the cells to the 

ZAPs (Fig. 1d).  Bend contours radiating outward from the hub change direction and converge to 

form the hexagon sides upon approaching the cell boundary.  This arises from the non-flat 

topography of the substrate (e.g., see Figure S8), as shown schematically in Figure 1e.  Second, 

the sides of incomplete cells around the flake edges do not deviate from the overall hexagonal 

pattern; note the strong positive correlation of these regions in Figure 1c.  However, bend 

contours defining these cells do not all originate from the corresponding center point determined 

with the circular Hough transform, and the azimuthal symmetry of the ZAP is reduced.  This 

suggests all regions of the flake that are in physical contact with the substrate are conforming, 

regardless of proximity to the crystal edges. 

To better understand flake orientation and deformation, the ZAP within an individual cell 

was indexed using dark-field (DF) imaging (Fig. 2).  The selected-area electron-diffraction 

(SAED) pattern obtained from a flake region over a substrate hole is indicative of orientation 

generally along the crystallographic [0001] direction (Fig. 2c).  With DF imaging, the ZAP was 

indexed to the lowest-order Bragg reflections (Fig. 2b).  Upon inspection of the characteristics of 
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the ZAP, it can be seen that the {101̅0} planes produce uniform-intensity bend contours in real 

space, while the {112̅0} planes produce a dark-light-dark pattern across the width of each 

contour (Fig. 2a,b; see also Fig. 1d).  The dark-light-dark pattern results from hkil Friedel pairs 

of Bragg reflections (e.g., 112̅0 and 1̅1̅20),28 while the uniform-intensity contours associated with 

first-order reflections have relatively slightly broadened relrods.27  Thus, the overall appearance 

of the ZAP is indicative of a symmetric out-of-plane deformation over the holes, with the relative 

relrod positions with respect to the Ewald sphere being responsible for the fine contrast structure 

of the contours. 

 

 

Figure 2.  Indexing of the ZAP forming a single hexagonal cell.  (a) BF image of one cell.  

Select regions of interest (ROIs) are highlighted (dashed red square for panel b and dashed 

yellow rectangle for panel d).  The dashed white circle marks the selected area from which 

diffracted beam intensity was collected (panel c).  (b) ZAP indexed using SAED and DF imaging.  

False coloring corresponds to the indexed Bragg reflections in panel c.  (c) Partially indexed 

SAED pattern from the selected area in panel a.  Inset is a representative DF image of the (112̅0) 

bend contour.  Inset scale bar = 100 nm.  (d) Magnified BF image of the ROI highlighted with 

the dashed yellow rectangle in panel a.  False coloring corresponds to that in panels b and c. 
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In order to characterize and quantify the topography of the flakes over the holes, bend-

contour behavior with specimen tilt angle (α) was tracked (Fig. 3a,b).  This was complemented 

with AFM topographic mapping of a few-layer flake (Fig. 3c,d).  Tilting along a single axis 

orthogonal to the approximate [0001] zone-axis direction (α = 0°) causes the ZAP center position 

(i.e., the “hub”) to translate along a line passing through the center position (Fig. 3a, yellow and 

red circles, respectively; see Supporting Video 1).  The spoke-like ZAP regions also respond to 

tilting by curving in the same direction as movement of the hub; e.g., the ends of the spokes 

curve to the right when the hub moves to the right.  This behavior is further indication of 

symmetric flake curvature over the holes and can be used to quantify the out-of-plane bending.  

To do so, an analytical model was used that approximates the flake curvature as an arc (see the 

Supporting Information and Figure S3).  In this way, the α-dependent hub displacement (xc) from 

the center position behaves following Equation 1. 

𝑥𝑐(𝛼) =
1

2
(
𝑎2

𝑏
− 𝑏) sin 𝛼  (1) 

Here, a is half the substrate hole pitch, and b is the flake bending height (i.e., the out-of-plane 

deformation).  A plot of measured xc at various α positions is approximately linear for a fixed 

value of a at small α, with the slope directly determined by b (Fig. S4).  Here, least-squares 

linear fits to measurements from four different cells returned an average flake bending height of 

31.4 nm (Fig. 3b and Fig. S5).  These measurements were compared to AFM measurements of 

surface topography of the same MoS2 flake (Fig. 3c,d) (see the Materials and Methods for 

details).  An average peak-to-valley difference of 34.6 nm was determined from profiles along 

two different directions, in good agreement with the tilt experiments.  Further, the lateral 

positions of the flake valleys occur at the centers of the underlying substrate holes, showing that 

the flake is deformed inward like a bowl into the substrate holes rather than outward like a dome 
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(also see Fig. S8c).  This further indicates that the flakes conform to the underlying substrate, 

illustrating a high-fidelity templating effect. 

 

 

Figure 3.  Flake bending-height determination using BF imaging of specimen tilting and AFM 

topographic mapping.  (a) Representative BF images of a single cell at various α-tilt angles.  Red 

and yellow circles mark the center and ZAP hub positions, respectively.  Spacing between the 

positions is xc.  (b) xc vs. α-tilt angle for four different cells.  Least-squares linear fits to each set 

of data are shown.  The slopes were used to calculate b using Equation 1.  (c) AFM height map 

of the same flake shown in panel a.  Units of the color bar are nm.  The rendering to the right 

shows the 3D topography of the region outlined in white.  (d) Height profiles along lines 1 (left) 

and 2 (right) in panel c passing through the centers of the substrate holes.  From these, the 

maximum height modulation of the flake was measured to be 35.3 nm and 33.9 nm for lines 1 
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and 2, respectively.  See Figure S8 for additional height maps and true vertical-to-lateral aspect 

ratio profiles of the flake and the bare substrate. 

 

Average strain of the flakes over the substrate holes was measured with SAED and 

further estimated with AFM topographic measurements and a simple geometric model.  With 

SAED, a selected-area aperture was used to isolate diffraction signal from an approximately 200-

nm diameter central region of the flake over a hole (Fig. 4a,b).  Accordingly, average basal-plane 

strain along a particular crystallographic direction was determined by comparing the measured 

reciprocal-space distance (d-1) between Friedel pairs to the theoretical distance for the fully-

relaxed 2H-MoS2 structure (Fig. 4b,c).29  This method has also been used to measure strain in 

WSe2 films grown directly on thin SiO2 membranes.10  Here, the experimental distance between 

the 101̅0 and 1̅010 pair was 7.16 nm-1, compared to the theoretical fully relaxed distance of 7.30 

nm-1.  This translates into an average real-space tensile strain of 1.7 ± 0.2%.  Ten separate 

measurements from three different flakes returned tensile strains ranging from 0.8 to 1.8%, 

which also was found to be isotropic with respect to the basal plane (i.e., spacing between all 

Friedel pairs was uniformly decreased relative to the relaxed structure).  Note that, while strains 

varied from flake to flake, regions within individual flakes showed the same amount of strain 

across multiple individual cells (see Table S2 in the Supporting Information).  Average tensile 

strains of 1.5 ± 0.2% were also estimated from AFM measurements of the crystal height profile 

and the hole size, in good agreement with the SAED measurements (error propagated from the 

profile errors; see the Supporting Information and Figure S6 for descriptions of the geometric 

model).  At the atomic scale, this degree of strain causes an average increase of Δd1 = 5.8 pm in 

the Mo-Mo real-space distance along the [112̅0] direction and an average increase of Δd2 = 1.5 
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pm in the Mo-S distance along the [101̅0] direction when projected onto the plane of Mo atoms 

(Fig. 4c).30-32  See the Supporting Information and Figure S7 for additional descriptions of the 

SAED calibration. 

 

 

Figure 4.  Average basal-plane strain of flake regions over substrate holes measured with SAED.  

(a) BF image of the same few-layer MoS2 specimen as in Figure 3.  The dashed red circle marks 

the region from which diffraction signal was obtained.  (b) SAED pattern from the region in 

panel a, with a Friedel pair indexed.  (c) Normalized intensity profile of the dashed yellow line in 

panel b.  Dashed yellow vertical lines mark the experimentally observed positions of the 101̅0 

and 1̅010 Bragg spots (d-1 = -3.58 nm-1 and 3.58 nm-1, respectively), while dashed black vertical 

lines mark the theoretical positions for the fully relaxed structure (±3.65 nm-1).  The insets 

illustrate the associated atomic-scale distortions of Δd1 = 5.8 pm and Δd2 = 1.5 pm, as viewed 

along the [112̅0] and [0001] real-space crystallographic directions, respectively. 
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The molecular-level nature of the substrate-directed elastic deformation and strain 

patterning was further elucidated using atomistic simulations (Fig. 5a,b).  Energy minimization 

using a reactive bond order (REBO) potential for intralayer interactions and a Lennard-Jones 

potential for van der Waals interlayer interactions was performed to determine the equilibrium 

structure of bilayer MoS2 suspended over an amorphous silicon nitride substrate with a 

hexagonal array of holes and with topography determined with AFM (Fig. 5b inset and Fig. S8).  

Calculations were performed on arrays consisting of holes with radii of 5, 10, and 20 nm and 

pitch sizes of 20, 40, and 80 nm (center-to-center distance) (see the Materials and Methods 

section and the Supporting Information for details).  The reduced dimensions compared to the 

experiments were necessitated by computing time; the trends observed indicate the results at 

smaller dimensions extrapolate to the larger experimental scale.  For a bare substrate, regions 

between the holes were relatively flat halfway between neighboring holes, with a decrease in 

height upon approaching the hole edge.   A compressive pre-strain of 1.6% was applied to the 

bilayer and was needed to match the experimental TEM contrast patterns and the magnitude of 

the observed deformation.  One possible source for this pre-strain is polymer shrinkage during 

the specimen transfer process, though we are not certain of the exact origin.33 

After energy minimization, the MoS2 bilayer flake conforms to the shape of the 

underlying substrate via van der Waals forces.  Further, the flakes experience a downward 

deflection into the hole due to localized moments at the hole edges, as experimentally observed.  

The in-plane tensile strain in the freestanding flake region then results from the out-of-plane 

bowl-like bending and a periodicity constraint on the length.  As with the hexagonal cells in the 

TEM images, this leads to formation of hexagonal borders in the flake between neighboring 
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holes.  Further, the shape smoothly changes to a symmetric bowl as it approaches the hole center 

due to the absence of substrate-flake interactions and the large ratio of lateral dimension to out-

of-plane deflection, again consistent with experiment.  This behavior was observed for all 

simulated hole sizes.  Bending heights of 1.6, 2.6, and 5.6 nm resulted for the 5-, 10-, and 20-nm 

hole radii, respectively, thus displaying a dependence upon the size of the system (as noted 

above), with larger heights resulting from larger holes.  By noting the ratio of the simulated 

bending height to the hole radius (0.29 ± 0.03), the bending height for a 100-nm radius hole 

(same as experiment) is predicted to be 29 nm, in good agreement with that measured with 

SAED and AFM.  Note that the magnitude of the phenomenological compressive pre-strain also 

impacts the curvature of the bilayer, with larger values causing larger bending heights. 

 

 

Figure 5.  Atomistic simulation of bilayer MoS2 on an amorphous holey silicon nitride substrate.  

(a) Parallelogram unit cell (outlined in blue) of the simulation and the geometry of the substrate.  
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The light green region represents the substrate, and the white region represents the hole.  The red 

dashed lines mark the tessellation cell boundaries.  The thin red lines divide the substrate unit 

cell into sub-regions A, B, and C displaying mirror symmetry, with two representative directions, 

𝐿1
⃗⃗⃗⃗  and 𝐿2

⃗⃗⃗⃗ , and the angle θ = 30° between them labeled.  (See the Supporting Information for 

details on how the indicated symmetries are used in the computation of the interlayer interactions 

between the MoS2 flake and the substrate.)  (b) Bare-substrate AFM height profiles along the 𝐿1
⃗⃗⃗⃗  

and 𝐿2
⃗⃗⃗⃗  directions shown in the inset, overlaid on the topographic map.  Ellipse (red) and linear 

(blue) equations are adopted to fit the experimental height profiles.  The red dashed lines on the 

AFM image in the inset mark the substrate peak-height positions.  Height color bar on the inset is 

in units of nanometers.  (c)-(e) Simulated height maps of a bilayer MoS2 flake on a holey 

substrate matching the experimental topography.  Hole radii are 5, 10, and 20 nm from left to 

right.  Simulated bend contours of the {101̅0} (black) and {112̅0} (grey) families of planes are 

overlaid on the height maps. 

 

Finally, to relate the calculated substrate-driven elastic deformation and strain patterning 

to the diffraction contrast patterns in the TEM images, a bend-contour simulation was performed 

using the minimized atomic structure (see the Supporting Information for details) (Fig. 5c-e).  

Bend contours from the {101̅0} and {112̅0} planes were simulated in order to compare with the 

experiments (see Fig. 2).  The results show hexagonally close-packed cells and 12-fold 

azimuthally symmetric contrast features over the holes that comprise the cell sides, matching 

experiments.  More specifically, the simulated bend contours pass the center point of the hole 

and are mostly linear within the cell boundaries.  As the bend contours approach the cell sides, 

the features become distorted and eventually comprise the hexagons.  This further illustrates that 



Page 15 of 23 

 

conformal coverage of the substrate by the flake and the bowl-like deformation and resulting in-

plane tensile strain produces highly symmetric, spatially repeating elastic deformation over both 

the hole and the solid substrate regions. 

 

Summary and Conclusions 

We report a simple method for the patterning of strain in flakes of 2D materials, 

specifically the formation of tessellation patterns in bilayer and few-layer flakes of MoS2 float-

captured on bare, amorphous, holey silicon nitride substrates with regularly undulating surface 

topography.  We find that pattern formation is driven by weak-force interactions between the 

MoS2 crystal and the underlying substrate, specifically both the hexagonal array of holes and the 

substrate surface topography.  Diffraction-contrast patterns in the bright-field TEM images 

follow the most efficient packing pathway for a 2D geometry in Euclidean space, thus being 

amenable to quantitative prediction for various template geometries and topographies.  Using a 

combination of electron diffraction techniques supported with AFM topographical mapping, 

strain over the holes was found to be tensile in nature, isotropic, and highly symmetric and 

repeating, reaching nearly 2% in the freestanding regions.  The experimental results – including 

flake topography and nature of the strain – were supported with atomistic and bend-contour 

simulations, which also revealed spatial scaling trends in addition to the 3D elastic deformations.  

The observations reported here provide a simple, straightforward means for patterning repeating, 

freestanding strained regions in 2D materials, with implications for both fundamental and 

applied studies of passive and active strain modulation in ultrathin layered materials. 

 

METHODS 
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Electron and Atomic Force Microscopies.  All BF, DF, and SAED experiments were 

conducted with an FEI Tecnai Femto TEM (Thermo Fisher Scientific) operated at 200 kV in 

thermionic mode and equipped with a Gatan OneView 16 MP CMOS camera.  AFM imaging 

was performed using a Keysight 5500 scanning probe microscope operated in ambient air (RH 

25%) running Picoview 1.20 software.  The XYZ piezoscanner (model 9524B) was operated in 

closed loop X-Y with a Z range of 8 μm (spread over 216 digitization).  Data were collected in the 

dynamic mode, also referred to as AC mode, under conventional amplitude-modulation feedback, 

with cantilever vibrated at its fundamental flexural resonance frequency, to provide height and 

phase along with error signal (amplitude) images.  Imaging scan rates were 0.5 lines per second 

at a resolution of 512 by 512 pixels.  An uncoated rectangular silicon cantilever (AppNano 

model FORT) with integrated silicon tip (3-sided pyramidal terminated by high-aspect-ratio end; 

nominal radius of curvature 6 nm), spring constant 2 N/m, and measured resonance frequency of 

67.32 kHz at 200 nm from tip-sample engagement was used for the reported measurements.  By 

imaging across the edges of substrate holes (thereby reverse imaging the tip shape), we 

confirmed a tip-opening half angle of less than 10 near its high-aspect-ratio end, whereas the 

steepest topography analyzed in this work was approximately 30 from vertical.  The cantilever 

was driven to produce a free oscillation amplitude of approximately 50 nm.  The set point for 

feedback tracking of topography was regularly explored over a range of 70-90% of the free 

oscillation amplitude, yielding no detectable change in measured topography.  Aided by the 

phase signal and amplitude and phase vs. Z curves, the aforementioned parameter setting 

ensured that the oscillator was maintained in the net attractive regime to achieve a delicate tip-

sample interaction with negligible mechanical deformation (consistent with the observed set-

point-independent topography).34  Data post-processing was performed using the freeware 
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Gwyddion (v2.58).  Masking was employed using Z thresholding so as to isolate a narrow Z-

window of bare substrate surface between holes, such that these data could be fit with a second-

order polynomial surface, which was then subtracted from an entire height image so as to remove 

scanner non-idealities (e.g., Z scanner nonlinearity and X-Y scanner cross coupling).34 

Specimen Preparation.  MoS2 specimens were prepared using adhesive tape and 

repeated exfoliation of a bulk crystal in the 2H phase (2D Semiconductors).35-37  Exfoliated 

flakes were transferred onto an NaCl single crystal (Ted Pella) by rubbing the tape on the surface.  

Coverage and the presence of flakes was qualitatively checked with an optical stereo microscope 

(AmScope).  The NaCl crystal and adhering flakes were washed repeatedly with isopropyl 

alcohol in order to remove residual adhesive, followed by drying in air.  Next, 20.0 ± 0.4 µL of 4 

wt% poly(methyl methacrylate) (PMMA) in anisole was drop-cast onto the NaCl surface with 

adhering MoS2 flakes.  The entire specimen was then annealed at 100 °C in air for 10 minutes, 

resulting in the formation of a self-supported matrix assembly.  The matrix was then floated off 

the NaCl crystal in DI water and captured with a holey amorphous silicon nitride substrate (Ted 

Pella, 21586-10).  The substrate-supported matrix assembly was washed repeatedly with acetone 

in order to remove the PMMA.  Note that the generation of isolated single-crystal bilayer and 

few-layer flakes such as shown in Figure 1 is not as common as multi-layer, ill-defined flakes 

with high defect densities.  The objective here was to report the observation and characterization 

of pattern formation in such flakes on holey substrates with non-flat topography and to 

emphasize the highly symmetric, repeating strain patterning that results.  Extension to other 

deposition methods, such as CVD, and to scaling-up the approach require further study. 

Atomistic and Bend-contour Simulations.  Atomistic simulations were performed for a 

bilayer 2H-MoS2 flake on an amorphous silicon nitride substrate containing a hexagonal pattern 



Page 18 of 23 

 

of holes with radii of 5, 10, and 20 nm and with a pitch of 20, 40, and 80 nm, respectively.  The 

surface topography characterized with AFM was also incorporated into the simulations.  The 

simulations were performed using the LAMMPS molecular dynamics code.38,39  The modeled 

configuration consisted of a parallelepiped-shaped periodic cell of bilayer MoS2 consistent with 

one unit cell of the underlying substrate.  The intralayer interactions in the bilayer were modeled 

using a reactive bond-order (REBO) potential.40,41  Interlayer interactions between the crystal 

layers and between the bilayer and substrate were modeled using a Lennard-Jones potential.  

Equilibrium configurations were obtained by minimizing the total energy using a fast inertial 

relaxation engine (FIRE) algorithm available in LAMMPS.42  Bend-contour simulations were 

performed using MATLAB.  See the Supporting Information for additional details. 
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