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Large Elastic Deformation and Defect Tolerance
of Hexagonal Boron Nitride Monolayers

Ying Han,1,6 Shizhe Feng,2,6 Ke Cao,1,3,6 Yuejiao Wang,1,4 Libo Gao,3,4 Zhiping Xu,2,*

and Yang Lu1,4,5,7,*
SUMMARY

Monolayer hexagonal boron nitride can serve in optoelectronics or
as a dielectric in graphene and other two-dimensional (2D) elec-
tronics due to its ultra-wide band gap. As there is no center of
symmetry, monolayer hexagonal boron nitride (h-BN) also shows
piezoelectricity. However, these applications require h-BN to sus-
tain large uniform elastic deformation, which has yet to be demon-
strated. Here, we report, by tensile testing, that a large elastic strain
up to 6.2% is achieved for defect-scarce polycrystalline h-BN mono-
layers, with corresponding 2D Young’s modulus �200 N/m, close to
the ideal value measured by atomic force microscopy (AFM).
Furthermore, samples containing voids of �100 nm can be strained
up to 5.8%. Atomistic and continuum simulations show that
compared to the imperfections introduced during sample prepara-
tion, the elastic limit of h-BN is virtually immune to naturally occur-
ring atomistic defects and is gradually lowered by submicrometer
voids. The mechanical robustness of h-BN monolayers, along with
the large uniform elasticity, is encouraging for strain engineering
and piezoelectronics applications.
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INTRODUCTION

Hexagonal boron nitride (h-BN) monolayers are composed of alternating B and N

atoms in a honeycomb two-dimensional (2D) lattice that is similar to graphene.1–3

Due to its ultra-wide band gap of �6 eV1,2 (unlike graphene as a semimetal) and ul-

tra-flat surface,4 h-BN is often a dielectric substrate for graphene or other 2D mate-

rial-based electronics.5–7 More important, the ultra-wide band gap from atomically

thin h-BN gives it great potential to tune its band gap via the elastic strain engineer-

ing (ESE) approach,8,9 in which the material band structure can be significantly tuned

by lattice straining or distortion.10 Due to the absence of centrosymmetry of mono-

layer h-BN, strain tuning can motivate and adjust piezoelectric responses with

tunable magnitude and dipole moments.9,11 However, these fascinating properties

and applications always involve large and uniform deformations, especially in the

scenario of flexible electronics and ESE, which requires thoroughly understanding

and experimentally realizing large straining for atomic thickness h-BN; whereas cur-

rent approaches exploring the material responses of h-BN are mainly based on local

probes such as atomic force microscopy (AFM) nanoindentation,12,13 in which the

testing area of the sample is limited by the size of the indenter tip, and the strain

is highly non-uniform.14 Direct tensile tests, for the freestanding film in particular,

can apply uniform and large strains of great significance for the quantitative, reliable

evaluation of the mechanical properties of h-BN layers and ESE. In addition, theoret-

ical studies show that ideal single-crystal monolayer h-BN can reach a maximum
Cell Reports Physical Science 1, 100172, August 26, 2020 ª 2020 The Author(s).
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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strain of 18%–30%.15–17 To explore these appealing merits of h-BN monolayers, an

experimental protocol should be developed to interrogate the material response at

a high strain level, which holds great promise in activating ESE applications.

At present, large-scale fabrication of h-BN can be achieved by the chemical vapor

deposition (CVD) method and others, whereas defective structures such as grain

boundaries (GBs),18 topological defects and vacancies,19,20 voids,21 surface contam-

ination,22 and multilayer nanospheres of h-BN23,24 are commonly inevitable. These

defects generally lead to the formation of stress concentration in the h-BN under me-

chanical loading and limit the elastic deformation before failure. Exploring the ef-

fects of naturally occurring defects in as-grown h-BN samples on the structural integ-

rity and mechanical resistance is crucial for relevant applications. Freestanding

graphene with manually created cracks fails in a brittle manner,25–27 with strength

and strain to failure significantly reduced from the values predicted for pristine sam-

ples.28 The strength reduction follows Griffith’s theory in linear elastic fracture me-

chanics (LEFM), although theoretical studies suggest flaw tolerance and deviation

from LEFM if the cracks are small enough.29,30 For crack-free 2D monolayers, our

recent study demonstrated ultra-large elastic straining in single-crystalline gra-

phene.31 Nevertheless, the stretchability and mechanical resistance of pristine

h-BN samples with only naturally occurring defects remain largely unexplored.

Here, using well-controlled sample transfer and shaping techniques, we prepare free-

standingmonolayer h-BN samples and perform tensile tests via the in situ nanomechan-

ical testing platform previously developed.32 Under an in situ scanning electron micro-

scopy (SEM) or transmission electron microscopy (TEM) setup, the deformation and

failure processes of h-BN monolayers with polycrystalline texture and voids are re-

corded, respectively, under end-clamped tensile tests with uniform and large strain.

The 2D Young’s modulus and maximum sample-wide strain are measured for samples

with and without submillimeter voids. Lastly, theoretical modeling, coupled with the

experimental results, is conducted to assess the effects of loading configurations and

defects in determining the actual mechanical performance.
RESULTS

Sample Transfer and Characterization

To carry out the tensile tests, as-grown monolayer h-BN was transferred onto the push-

to-pull (PTP) micromechanical device (Figure 1A) through a modified wet-transfer

method as described in the Experimental Procedures. The sample was cut into a ribbon

shape (Figure 1B) by focused ion beam (FIB). Continuous monolayer fabricated away

from the suspended ribbon area allows the h-BN monolayer to be fixed firmly onto

the PTP device through van der Waals adhesion (Figure 1).33 Therefore, tensile tests

can be carried out on our in situ nanomechanical tensile test platform using SEM. In

this platform, the PTP device was mounted on the Hysitron PI85 stage on one side.

The other side is a diamond indenter (yellow arrow area in Figure 1A). As the indenter

approaches the PTP device, the load can be applied to the PTP device to carry out ten-

sile tests of a freestanding sample, as shown in Figure 1A.With the piezoelectric ceramic

sensor of the indenter, the load-displacement curve can be obtained during tensile

tests. Combined with the sample dimension measured from SEM images and the thick-

ness of monolayer h-BN (0.333 nm),12 we obtained the stress-strain curves where the

tensile stiffness and strain limit were extracted.

Before tensile tests, the monolayer h-BN was characterized by Raman microscopy

and the scattering peak is at 1,369.8 cm�1, corresponding to the in-plane E2g
2 Cell Reports Physical Science 1, 100172, August 26, 2020
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Figure 1. Experimental Setup and Characterization of Freestanding h-BN Samples

(A) In situ scanning electron microscopy (SEM) tensile testing of a freestanding monolayer h-BN sample via a push-to-pull (PTP) micromechanical device

actuated by an external quantitative pico-indenter, with the yellow arrow showing the direction of applied loading.

(B) Transmission electron microscope (TEM) image showing tensile test sample cut by FIB, with a yellow arrow to indicate the tensile direction.

(C) Raman spectra and XPS spectra of monolayer h-BN, showing B1s and N1s core levels.

(D) TEM characterization of the edge of monolayer h-BN; inset showing the SAED diffraction pattern of the sample.

See also Figure S1.
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phonon mode of h-BN (Figure 1C).34,35 The X-ray photoelectron spectroscopy (XPS)

spectra characterization was also carried out for h-BN films, and the B and N edges

are located at 190.7 and 398.3 eV, presented in Figure 1C, which is very close to that

in bulk h-BN.36 Coupled with high-resolution TEM images (Figure 1D) after the ten-

sile tests, in which only one dark line shows up in the edge, the monolayer nature of

our samples can thus be confirmed. The selected area electron diffraction (SAED)

pattern of the sample (inset of Figure 1D) indicates the polycrystalline nature of

the samples. Note that the debris adsorbed on h-BN films was found to bemultilayer

h-BN nanospheres as characterized by TEM (Figure S1).24

In Situ Tensile Test of Freestanding h-BN Monolayer without Voids

Next, we performed in situ tensile tests of the freestanding h-BN monolayer under

SEM real-time imaging (Video S1). The sample was first pre-relaxed by releasing

the prestress during the cutting by FIB, as shown in Figure 2A. As the load is applied

through the diamond indenter, the sample experienced loading conditions from the

pre-stretching state marked as 0% strain in Figure 2B, the maximum strain in Fig-

ure 2C just before fracture of the sample, to the catastrophic brittle fracture across

the sample that leaves 2 fractured pieces with sharp edges in Figure 2D. The tensile

strain to failure along the loading direction, 6.2%, is measured from Figure 2C. To

the best of our knowledge, this is the first end-clamped tensile test of the
Cell Reports Physical Science 1, 100172, August 26, 2020 3
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Figure 2. Tensile Results of Defect-Scarce Polycrystalline h-BN Monolayer Samples

(A) SEM image showing the pre-relaxed sample.

(B) SEM image showing the fully tightened monolayer h-BN with 0% strain.

(C) SEM image showing the sample right before fracture, with the strain of 6.2%.

(D) Brittle fracture morphology of the defect-scarce h-BN.

(E) Corresponding stress-strain curve, with strain range of 0%–2%.

Scale bars, 1 mm.

See also Video S1.
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freestandingmonolayer h-BN, which demonstrates the large stretchability of defect-

scarce polycrystalline h-BN. The morphology of their fractures can be identified in

Figure 2D and Video S1, which is nucleated from the clamping edge for void-free

samples. The end-clamping effect induces the concentration of tensile strain and

strain gradient along the contact line between the sample and the device, which

peaks at the corner (Figure S2; Note S1). Moreover, the constraints enforced to

the sample in contact with the device could further lower the strain. To demonstrate

this effect, we carried out molecular dynamics (MD) simulations for end-fixed tensile

tests of the h-BNmonolayer. The results show that the elastic limit of h-BN is reduced

by 48%, in which constraints on covalent BN bonds in the fixed ends prevent the full

relaxation of the lattice structures near the clamping boundary and thus reduce its

mechanical resistance (Figure S3). These effects explain the nucleation of cracks

from the clamped edge. Experimentally, the 2D Young’s modulus, E2D = 200

N/m, is calculated from the linear part of the stress-strain curve (Figure 2E) using

data within the strain range of 0%–2%, which aligns well with the value of 230–278

N/m theoretically predicted for single-crystalline samples.15–17 For samples contain-

ing submicrometer voids in the h-BN monolayers (Figures 3A and S4), the values of

Young’s modulus (160 N/m) and strain to failure (5.8%) measured are comparable to

the samples without the voids (200 N/m and 6.2%, respectively) and much stronger

than the samples with pre-cracks.26 The reduction in elastic limit is consistent with

the 67% calculated from the strain concentration factor in a linear elastic model

(Note S2).37

Loading-Unloading Tensile Test of h-BN Monolayer with Voids

Loading-unloading tensile tests were performed to validate the large elasticity and

robustness of ESE applications, and the corresponding load-displacement curve is

shown in Figure 3F, which indicated the recoverable and controllable strain of

void-containing h-BNmonolayers. The red curve shows that the sample experienced
4 Cell Reports Physical Science 1, 100172, August 26, 2020
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Figure 3. Tensile Tests of the Void Containing h-BN Samples

(A) SEM image showing the fully tightened monolayer h-BN with 0% strain in the first loading cycle.

(B) SEM image showing the peak strain of 5.2% during the first loading cycle.

(C) SEM image showing the fully tightened sample with 0% strain in the second loading cycle.

(D) SEM image showing the sample right before fracture with peak strain.

(E) Fracture morphology of void-containing h-BN samples, showing that the fracture occurred

along with the submicrometer voids.

(F) Corresponding indenter load-displacement curve with 3 sections: section I is the only actuating

PTP device; section II is the actuating PTP device and sample; and section III is the only actuating

PTP device after fracture of the sample. The red curve is the first loading cycle, and the black curve is

the second loading cycle, showing the brittle fracture of void-containing h-BN.

Scale bars, 1 mm.

See also Figure S4 and Video S2.
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pre-relaxation (0% strain, Figure 3A) and 5.23% strain (Figure 3B) during the first

loading-unloading cycle. It should be noted that the loading curve contains three

sections. Section I of the curve reveals the loading process to the pure PTP device

due to the pre-relaxation of the sample. The stiffness of the PTP device can be calcu-

lated by the slope kPTP of this section as 88.8 N/m. Then, in section II, the load is

applied to the sample and PTP device, so the slope kPTP + ksample is higher and

the tensile mechanical behavior of freestanding h-BN can be extracted. As shown

in Figures 3A and 3B, in the first cycle, the device was loaded to 260 nm with a strain

of 5.2%. In the second cycle, it was loaded to 400 nm, in which the fracture occurred
Cell Reports Physical Science 1, 100172, August 26, 2020 5
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at a strain to failure of 5.8% (Figures 3C and 3D) as measured from the video (Video

S2). Section III of the curve is the load-displacement curve with the PTP device actu-

ated after the sample breaks, and its slope is also kPTP (Figure 3F, blue dashed line).

The loop in the load-displacement curves could be attributed to mechanical energy

dissipation at the clamped ends or that in the capacitance-type indenter.38
DIC Analysis of Strain Distribution in h-BN

To confirm the uniform strain distribution in h-BN monolayers, additional tensile

tests were carried out with the assistance of digital image correlation (DIC) analysis,

as described in Note S3. For samples with multilayer h-BN nanospheres (Figure S5)

on them, in situ TEM tensile tests were carried out under 80 kV, with higher resolution

compared with SEM. The results validate our setup of tensile tests for 2D materials,

in which uniform strain distribution is generated across the whole sample. Figure S5A

shows the absence of strain in the 1st frame, while Figure S5B is the frame just before

fracture, with maximum strain applied. The corresponding load-displacement curve

(Figure S5E) also consists of three sections, and the fracture morphology was shown

in Figure S5D. Then, by using simplified DIC, the strain mapping of the sample was

calculated with 8 selected local areas, and displacement was calculated by 1 frame

per second (Figure S5F). From the videos recorded (Video S3), the lower part of the

PTP device was still while the upper part moved to a stretch sample. The displace-

ments of 8 marking areas increased linearly, with their positions measured from

the edge standing still (Figure S5F), which indicates a uniform strain distribution.

This evidence demonstrates the uniform strain distribution across the sample width

and validates the reliability of strain control in our end-clamped tensile tests. Density

functional theory (DFT)-based first-principles calculations (Note S4) further suggest

that, with a tensile strain beyond 2%, the piezoelectric constant increases, signifi-

cantly promoting the polarization in single-crystalline h-BN (see Figure S6).
DISCUSSION

From the fracture morphology of void-containing h-BN samples (Figure 3E), we find

that cracks nucleate from the voids. Moreover, there is no evidence showing that the

crack path is correlated with grain boundaries. One can thus conclude that the

strength of void-free samples is not significantly reduced by the naturally occurring

defects, and the gentle reduction of strain to failure from 6.2% to 5.8% in void-con-

taining samples suggests that the submicrometer voids are not detrimental. It is also

interesting to observe that the crack path tends to avoid the multilayer h-BN nano-

spheres (Figure S7), which can elevate the fracture toughness.39 The higher tough-

ness of multilayers compared to the monolayer endows resistance to mode I crack

propagation through it if the interfacial interaction is strong enough and the contrast

in stiffness could deflect the crack path, which detours around the multilayers.40 To

quantitatively assess the defects tolerance of h-BN, we summarize the strength of

the h-BNmonolayer with naturally occurring defects and imperfections induced dur-

ing the sample preparation and tensile tests (Figure 4), as obtained from MD simu-

lations. The maximum strain of the experimental results (6.2% and 5.8%) is consider-

ably lower than the theoretical estimates of 18%–30%. Likewise, as reported in our

previous study on graphene,31 the reduction in maximum strain and strength could

be partly attributed to the edge defects implanted during the FIB cutting by atom-

istic simulations to quantify this effect to h-BN. This effect suggests that the cracks

near clamping ends may nucleate from the edges. MD simulation results show

that the edge defects could reduce the strain to failure by 58% (Figure S8). These re-

sults indicate that the naturally occurring defects are not detrimental to the mechan-

ical resistance of h-BN, while deformation constraints in the clamped region and
6 Cell Reports Physical Science 1, 100172, August 26, 2020



Figure 4. Summary of the Reduction in Elastic Strain Limits by Naturally Occurring Defects in As-

Grown h-BN Samples and Imperfections Introduced in FIB and Clamping Processes

The data for GBs (average 27%) and monovacancies (average 44%) are taken from the

literature,42,44,45 and other results are obtained from our MD simulations or continuum modeling

(average 58% for FIB-induced edge defects, average 48% for clamping ends, average 67% for voids

with a typical size of 100 nm).

Data are represented with maximum and minimum values indicated by the error bars.
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edge defects introduced by FIB are responsible for the maximum strain loss of

monolayer, polycrystalline h-BN samples. Consequently, if one of the above effects

can be reduced, then the maximum strain of h-BN samples of engineering relevance

can be further improved greatly.

In summary, by developing optimized sample transfer, preparation, and straining

protocol, we performed the end-clamped in situ quantitative tensile tests for free-

standing, defect-scarce h-BN and submicrometer voids containing h-BN mono-

layers. Both demonstrated large (up to 6.2% and 5.8%, respectively) uniform tensile

strain, with 2D Young’s modulus for defect-scarce and submicrometer voids contain-

ing h-BN measuring 200 and 160 N/m, respectively. Even with the presence of sub-

micrometer voids, the polycrystalline h-BN monolayer can sustain a large elastic

strain of 5.8% with a high stiffness of 8.2 N/m compared to the values of the single

crystal (12.5% and 23.6 N/m, respectively).12 These results demonstrate high defect

tolerance and potential for CVD-grown monolayer h-BN in practical engineering ap-

plications, such as flexible electronics and dielectric substrates.4,6,41 The obtained

large elastic strain of defect-scarce h-BN shows the promising applicability of ESE

for dynamically strain-tuned electronic and piezoelectric device applications.

EXPERIMENTAL PROCEDURES

Resource Availability

Lead Contact: Dr. Yang Lu: yanglu@cityu.edu.hk.

Materials Availability

This study did not generate new unique reagents.

Data and Code Availability

All data are included in the article and the Supplemental Information. Raw data files

are available on request.

Transfer and Preparation of h-BN Samples

CVD-synthesized polycrystalline h-BN monolayer films on a copper foil (Shenzhen

6Carbon Technology), coated by polymethyl methacrylate (PMMA), were trans-

ferred to the PTP device by an optimized chemical etching method. We first spin
Cell Reports Physical Science 1, 100172, August 26, 2020 7
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coat the h-BN monolayers by PMMA (thickness <100 nm) and release h-BN from the

Cu foil. The monolayer h-BN with Cu foil was then immersed into a Cu etchant

(Sigma-Aldrich). Themonolayer h-BNwith PMMAwas picked up with a piece of poly-

ethylene terephthalate (PET) and rinsed with deionized water multiple times to re-

move the Cu etchant thoroughly. The monolayer h-BN with PMMA was fished up

to the PTP devices and then left overnight in a dry cabinet to ensure that the h-BN

monolayer is firmly attached to the substrate. To prevent sample breakage, a critical

point dryer (CPD) with acetone was used to dissolve the PMMA over the sample and

reduce the surface tension. After that, FIB was used to cut the monolayer samples

into ribbons (width 3–5 mm, gauge length 2.5 mm) for the tensile tests. The voltage

and current of FIB were thought to be too low to damage the samples.
In Situ SEM-TEM Tensile Testing

The monolayer h-BN was tested by a Hysitron PicoIndenter (PI85) inside the FEI

Quanta 450 SEM and a Hysitron PicoIndenter (PI95) inside a JEOL 2100F TEM.

The PTP device with monolayer h-BN was mounted on the PI85 or PI95. The PI85

or PI95 indenter was then mounted into the SEM or TEM chamber for in situ tensile

tests. The load-displacement curves were recorded by the indenter transducer, and

videos were recorded by SEM (operating at 10 kV) or TEM (operating at 80 kV) at a

low voltage to reduce the electron beam effects. The tensile strain of the sample is

measured directly from the SEM or TEM videos, and stress is calculated from the

load. By assuming uniform strain in the sample loaded, the stress-strain curve can

be analyzed to calculate the Young’s modulus (the slope), strain to failure, and

strength of the samples.
Atomistic Simulations

The mechanical performance of h-BN monolayers was explored by full-atom MD

simulations. The Stillinger-Weber (SW) potential fitted to the linear and nonlinear

mechanical responses predicted by DFT calculations42 was used, as implemented

in the large-scale atomic/molecular massively parallel simulator (LAMMPS).43 Ten-

sile tests were carried out in both clamping-end and periodic boundary condition

(PBC) setups. In fixed-end tension tests to explore the clamping-end effects, the

covalently bonded BN lattice in the end region (one row of the hexagons) was con-

strained and displaced in the loading direction as a rigid body. The strain loading

rate is 0.01 ps�1. In the PBC setup to explore the effects of edge defects, the uniform

tensile strain was applied by deforming the simulation box and applying atomic dis-

placements at a strain loading rate of 0.1 ps�1 before the atoms were allowed to

move following their equations of motion. The atomic displacement conforms to

an affine lattice deformation, and the effects of thermal fluctuation are negligible

(the temperature increase under loading is on the order of 10 K). The loading rate

dependence was also tested to confirm that the deformation and fracture behaviors

are not affected by dynamical effects (with strain convergence under a threshold of

�0.001).
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