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% Check for updates Hexagonal boron nitride (hBN) nanosheets have become the most promising

candidates as gate dielectric and insulating substrates for two-dimensional
(2D) material-based electronic and optoelectronic devices. While mechanical
stress in hBN nanosheets is often either intrinsically or intentionally intro-
duced for 2D material-based devices during device fabrication and operation,
the dielectric strength of hBN nanosheets under mechanical stress is still
elusive. In this work, the dielectric strength of hBN nanosheets in a metal/hBN/
metal structure is systematically studied when mechanical stress normal to
nanosheets is applied. The dielectric strength of hBN nanosheets is found to be
weakened with lower breakdown strength, shorter breakdown time, and larger
leakage current under the mechanical stress with the order of 100 MPa, and
the weakening is more remarkable for thinner nanosheets. The thickness-
dependent weakening of dielectric strength is attributed to the thickness-
dependent stress gradient in hBN nanosheets. Furthermore, the ability of hBN
nanosheets to block leakage current can be significantly degraded by
mechanical stress even for thick nanosheets up to 41.3 nm. The results indicate
that it is highly important to eliminate mechanical stress in high-performance
2D material-based devices employing hBN nanosheets as 2D insulators.

Hexagonal boron nitride (hBN) nanosheets are considered the most
promising two-dimensional (2D) insulator and are used as gate
dielectric'?, insulating substrates®*, insulating barrier*® and encap-
sulation layers’'® for 2D material-based electronic and optoelec-
tronic devices. Due to the atomically smooth interface that is
relatively free of dangling bonds and charge traps in hBN/2D material
heterostructures’, field-effect transistors with graphene and 2D
semiconductor channels show boosted performances, including
ultrahigh carrier mobility, ultralow charge inhomogeneity, and

ultralong mean free paths if the channel is supported or encapsu-
lated by high-quality hBN nanosheets***". Furthermore, hBN
encapsulation can be used to preserve the intrinsic physical prop-
erties of 2D materials. For example, superconductivity in magic-angle
graphene and Mott insulator in trilayer graphene were observed with
hBN encapsulation®. As a 2D insulator, hBN nanosheets therefore
play important roles in achieving high-performance 2D material-
based devices and revealing unique physical phenomena related to
2D materials.
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Mechanical deformation with stress generally in the range of
0-1000 MPa usually accompanies the fabrication and operation of the
devices reliant on hBN/2D material heterostructures, particularly state-
of-the-art electronic devices like stacked nanosheet gate-all-around
(GAA) field effect transistors (FETs)?, vertical-transport FETs
(VTFETs)®, 2D flexible/strain FETs'* and flexible neuromorphic
devices®. To date, most 2D FETs based on hBN dielectric layers still rely
on mechanical transfer and stacking procedure'®®, Deformations in
the forms of wrinkles, bubbles, and buckling are commonly observed
in transferred 2D materials®, so it is difficult to construct hBN/2D
material heterostructures free of mechanical stress, especially for
large-area construction. Furthermore, the difference in thermal
expansion coefficient between hBN and its surrounding materials was
found to induce irreversible straining in hBN nanosheets when
heated’*”. Mechanical stress in hBN is therefore introduced if it is
treated by thermal annealing, which is a general procedure in fabri-
cating hBN/2D material heterostructures and their devices'. Moreover,
in most of the studies in advanced electronic devices involving 3D
stacked architectures like GAA, structure-induced strain is widely
present”, and the variation of the intrinsic dielectric strength of hBN as
a stacked part is usually ignored. Finally, due to the atomic thickness
with high flexibility, hBN nanosheets have already been explored for
use as insulating substrates and encapsulation layers for 2D material-
based flexible devices, where mechanical stress in hBN is inevitable
during device preparation and operation”?**. Dielectric strength of
hBN under mechanical stress is therefore highly important for devel-
oping 2D material-based devices.

Mechanical stress-induced dielectric strength weakening of con-
ventional silicon dioxide (SiO,) or other dielectric films is well
studied”?°, whereas that of 2D hBN nanosheets has not been studied.
The elusive dielectric strength of hBN nanosheets under mechanical
stress is mainly attributed to the challenges of the simultaneous and
reliable determination of its dielectric strength and mechanical stress
in experiments. A few experimental methods, including electrical
measurements on stretchable substrates” and indentation tests with
conductive atomic force microscopy (C-AFM) probes®, were devel-
oped to perform simultaneous electrical and mechanical measure-
ments on ultrathin 2D materials. While the dielectric strength of
polymers (i.e. polyimide, polyethylene terephthalate, etc.) used for
stretchable substrates is generally smaller than that of hBN*?°, the
dielectric strength of hBN cannot be tested on these stretchable sub-
strates. As for indentation with AFM probes, it is hard to accurately
determine the indented area and mechanical stress because of the
complex contact mechanics of sharp AFM probes®*’. More impor-
tantly, AFM tests are generally performed at atmospheric pressure,
which makes the electrical contact between the AFM probe and 2D
materials ambiguous and unstable because of reactive interfacial water
and oxygen molecules, especially when dense electrical current passes
through the contact™**. Despite the challenge of AFM indentation
tests, C-AFM has been applied to study dielectric breakdown of hBN
without intended mechanical stress. Several important phenomena
have been observed in dielectric breakdown of hBN, including layer-
by-layer breakdown®?°, non-volatile resistive switch®, B-vacancy-
dominated defect mechanisms®, interlayer molecular bridges®,
electrode-affected leakage current*°, and so on.

In this work, the dielectric strength of hBN nanosheets under
mechanical stress is systematically studied by an in situ scanning
electron microscopy (SEM) method. With the method, the dielectric
strength of hBN nanosheets in a metal/hBN/metal structure is sys-
tematically measured when well-determined mechanical stress normal
to nanosheets is applied. Dielectric strength weakening of hBN
nanosheets is observed to show lower breakdown strength, shorter
breakdown time, and larger leakage current prior to breakdown when
they are subjected to normal mechanical stress with the order of
100 MPa. The results indicate that it is highly important to eliminate

mechanical stress in high-performance 2D material-based devices
employing hBN nanosheets as 2D insulators.

Results and discussion

Dielectric strength weakening in ramped voltage stress tests
High-quality hBN nanosheets mechanically exfoliated from bulk hBN
crystals are used in this work (see Fig. S1 for structural characterization
of hBN nanosheets). To facilitate multiple dielectric strength mea-
surements on hBN nanosheets with the same thickness, large hBN
nanosheets with uniform thickness are first transferred onto a SiO,/Si
substrate with an Au/Ti coating film, and an array of 1 um wide circular
islands in the structure of metal/hBN/metal are then fabricated from
the nanosheets (see Figs. 1a, and S2 for device structure and fabrica-
tion). Dielectric strength measurements are performed at room tem-
perature and inside the vacuum chamber of an SEM (see Fig. S3 for
more details of the experimental setup). The substrate with metal/
hBN/metal islands is fixed to a spring stage that is used to measure the
force applied to the islands (Fig. 1b). To measure the dielectric strength
of hBN nanosheets under normal mechanical stress, a tungsten (W)
electrical probe with a radius of ~200 nm is manipulated to indent the
top metal layer of an island and measure the electrical current across
the metal/hBN/metal structure under an applied voltage (see Fig. 1c
and Supplementary Movie 1). The compression force applied to hBN
nanosheets is obtained through the formula F=kd, where k is the
elastic coefficient of the spring stage (see Fig. S4 in Supplementary
Information), and d is the retraction distance of the substrate that can
be directly measured by SEM imaging. Due to the bending stiffness of
the top metal layer, the indented area S of the hBN nanosheets is larger
than that of the indenter with a nonuniform stress distribution.
According to our recent work**?, a well-determined apparent normal
stress (0) can be obtained by finite element simulation (FEM) (see
Fig. S5 in Supplementary Information). Dielectric strength and normal
mechanical stress of hBN nanosheets can therefore be well and
simultaneously determined in our experiments.

The dielectric strength of hBN nanosheets is firstly studied by
ramped voltage stress (RVS) tests, where the electrical current across
the metal/hBN/metal structure is recorded while increasing the
applied voltage linearly with time until dielectric breakdown. Each
current ()-voltage (V) curve is measured from a different island
sample without any previous measurements (referred to as multi-
sample RVS tests), which enables us to exclude the possible memory
effects of previous measurements. To investigate the effect of thick-
ness on the dielectric strength of hBN nanosheets, the dielectric
strength of hBN nanosheets with thicknesses in the range of about
5-40 nm is studied (see Fig. S6 for thickness measurements by AFM
imaging). Figure 1d shows the typical /-V curves of hBN nanosheets
with three different thicknesses (4.6, 11.5 and 41.3nm) under zero
normal mechanical stress. The curves show a common feature that
obvious leakage current is observed at a voltage (V,c) before the
dielectric breakdown of hBN nanosheets at a larger voltage (Vgp),
where leakage current experiences a sudden jump. Breakdown
strength (Egp) is therefore obtained by Egp = Vp/ tgn, Where tgy is the
thickness of the hBN nanosheets. The strength of the electric field
corresponding to V ¢ is defined as F, c = V| ¢/tgn. The voltage interval
between V ¢ and Vpp is usually regarded as the stage of progressive
breakdown of hBN nanosheets, in which defects are randomly gener-
ated and the leakage current increases quickly. For thick nanosheets
with 41.3nm thickness, the leakage current shows a progressive
increase with the voltage until breakdown. In contrast, the leakage
current of thin nanosheets with 4.6 and 11.5 nm thicknesses is highly
fluctuating with less dependence on voltage before breakdown. The
above breakdown behaviors observed at zero stress agree well with
those observed in previous C-AFM experiments®®*,

What will happen if hBN is subjected to mechanical stress while
resisting the external electric field? To investigate the effects of
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Fig. 1| Experimental setup and multi-sample ramped voltage stress (RVS) tests
on the dielectric strength of hBN nanosheets under mechanical stress. a SEM
image showing the array of metal/hBN/metal (M/hBN/M) islands for dielectric
strength tests. b Schematic drawing showing the measurement setup, where a
metal/hBN/metal island is indented by a tungsten (W) probe, and the compression
force is measured by the spring stage. ¢ SEM image showing breakdown test on a
metal/hBN/metal island indented by a W probe. Pseudo-colors were used to dis-
tinguish the metal film and hBN nanosheet. d Typical current (/)-voltage (V) curves
of RVS tests for 4.6, 11.5, and 41.3 nm hBN nanosheets without mechanical stress.
The voltage for the onset of leakage current is defined as V, ¢, and the voltage for
the onset of dielectric breakdown is defined as Vp. e Repeatedly tested /-V curves
of RVS tests for 4.6, 11.5, and 41.3 nm hBN nanosheets with O and ~400 MPa stress,

respectively. Each /-V curve is measured from a different island sample (multi-
sample RVS test). f The plots of breakdown strength (Egp) as a function of stress for
nanosheets of 4.6 nm (i), 11.5 nm (ii), and 41.3 nm (iii). g The plots of electric field
strength (£, ¢) corresponding to V, ¢ as a function of stress for nanosheets of 4.6,
11.5, and 41.3 nm. The number of island samples corresponding to the 4.6, 11.5, and
41.3 nm nanosheets is 37, 42, and 52, respectively. Each /-V curve or data point in
figures e-g comes from a different island sample. The black squares represent the
average Egp or £, ¢ at zero stress, with the error bars represented by standard
deviations (SD). The round dots and circles represent Egp and £, c under different
stress. In figures for 11.5 and 41.3 nm, the dashed lines are linear fits of experimental
data. Source data are provided as a Source Data file.

mechanical stress on the dielectric strength of hBN nanosheets, we
performed RVS tests on the nanosheets of the three thicknesses under
different normal stresses. Comparative /-V curves of RVS tests under
zero and ~400 MPa normal stress are shown in Fig. 1e. Two phenomena
are observed. First, /-V curves of different samples for each thickness
show quite different V,c and Vpp under zero stress, especially for those
of thin nanosheets of 4.6 nm. Second, despite the scattering in V¢ and
Vsp among different samples, /-V curves for thin nanosheets of 4.6 nm
are obviously left shifted with smaller V¢ and Vgp when -400 MPa
normal stress is applied. In contrast, the normal stress causes a less
obvious decrease of V;c and Vgp for the nanosheets with 11.5 and
41.3 nm thickness.

To get insights into the effects of normal mechanical stress on
dielectric strength of hBN nanosheets, Egp and £, c of hBN nanosheets
are extracted from /-V curves of multi-sample RVS tests under dif-
ferent stress, as shown in Figure 1f and g. For those samples with the
same thicknesses, Egp and E; ¢ exhibit a similar dependence on nor-
mal mechanical stress, consistent with their roles as sequential
indicators of dielectric breakdown. A small £, ¢ is generally associated
with a small Egp. For thin nanosheets with 4.6 nm thickness, Egp and
E, c exhibit average values of 15.7 and 12.6 MV/cm, respectively, at
zero normal stress. An Egp as high as 15.7MV/cm at zero stress
indicates the high quality of our hBN nanosheets. The average values
of 8.6 and 8.0 MV/cm around 400 MPa are obtained for Egp and £, ¢,
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Fig. 2 | Summary of the breakdown strength Egp and E, ¢ as a function of the
thickness of hBN. a Comparison of Egp at zero stress measured in this work with
the data from previous reports****°, The horizontal axis is the thickness of hBN.
b Our measured Egp, in this work without stress (red square) and with the
mechanical stress of 400 +100 MPa (blue square) at different thicknesses. ¢ Our
measured £, ¢ from 102 different samples in this work, without stress (yellow
square) and with the mechanical stress of 400 + 100 MPa (green square) at different
thicknesses. The number of 4.6, 11.5, and 41.3 nm samples we tested without stress
is 24, 14, and 41, respectively. The number of 4.6, 11.5, and 41.3 nm samples with the
stress of 400 100 MPa are 5, 12, and 6, respectively. The square points represent
the average values of our measured Egp, or £,  from different samples, and the error
bars are represented with standard deviations. The dashed lines in (b) and (c) are
guides for the eyes. Source data are provided as a Source Data file.

respectively. Both Egp and E ¢ show an overall decrease with the
increase of normal stress, especially in the range of 0-200 MPa. For
the nanosheets with 11.5 nm thickness, Egp and E; ¢ exhibit average
values of 11.4 and 10.6 MV/cm, respectively, at zero normal stress.
Both Egp and E; ¢ decrease slowly with the increase of normal stress
with an overall rate of 0.38 MV/cm per 100 MPa in the range of
0-500 MPa. For thick hBN nanosheets with 41.3 nm thickness, Egp
and E ¢ exhibit the average values of 10.2 and 8.9 MV/cm, respec-
tively, at zero normal stress, and show a negligible decrease with the
increase of normal stress.

To display the thickness-dependent dielectric strength weakening
of 2D hBN, the presently measured Egp of hBN nanosheets evolving
with different thicknesses are shown in Fig. 2 together with those in the
previous reports®®*>*°, As shown in Fig. 2a, thicker nanosheets are
found to have smaller Egp at zero normal stress. Both the value of Egp at
zero normal stress measured in our work and its dependence on
thickness agree well with those in the previous reports. It can be seen
from Fig. 2b, c that the breakdown strength of hBN nanosheets with 4.6
and 11.5 nm thickness is obviously weakened by the normal mechanical
stress of about 400 MPa, with more significant weakening for thinner
nanosheets, while thick hBN nanosheets with 41.3 nm thickness can
retain their breakdown strength under the normal stress up to about
400 MPa in multi-sample RVS tests.

The dielectric strength of hBN nanosheets shows obvious ran-
domness among different samples, as shown in Fig. 1. To obtain the
dielectric strength of hBN nanosheets statistically, the breakdown
strength of hBN nanosheets is analyzed by cluster fitting (see Fig. S7 in
Supplementary Information)***, which can give the characteristic
strength of electric field (E¢329) corresponding to cumulative break-
down probability of 63.2%. At zero mechanical stress, the nanosheets
with 4.6, 11.5, and 41.3nm thickness show FEg3,9 of 15.1, 11.0, and
10.4 MV/cm, respectively. This is in good agreement with the varying
trend of average Egp with thickness as shown in Fig. 2a. In contrast,
when mechanical stress of ~400 MPa is applied, E43 % decreases to 8.9,
10.1, and 9.5MV/cm, respectively. In agreement with the average
breakdown strength, Eg3, is weakened by mechanical stress, with
thinner nanosheets showing more remarkable weakening. While the
nanosheets with 4.6 nm thickness show larger Eq3 5 than that of 11.5
and 41.3 nm nanosheets at zero normal stress, they show smaller E¢3 5o
than that of the latter at ~400 MPa normal stress.

Despite negligible effects on the Epp and E; ¢ of 41.3 nm-thick
hBN nanosheets in multi-sample RVS tests, normal mechanical
stress is found to have a critical effect on leakage current of the
thick nanosheets in single-sample RVS tests. A single-sample RVS
test is to perform RVS measurements repeatedly on the same island
sample to assess its dielectric strength over multiple cycles. As
shown in Fig. S8, single-sample RVS tests on thicker hBN samples
generally show two different phenomena: hard breakdown with
irreversible dielectric performance, and soft breakdown with
reversible dielectric performance. Since a hard breakdown causes
all subsequent RVS cycles to follow the same short circuit in -V
curves, single-sample RVS tests with soft breakdown are employed
to observe the continuous evolution of leakage current and
dielectric strength of hBN nanosheets.

Figure 3a and b show the sequential /-V curves of single-sample
RVS tests on 41.3 nm nanosheets with the normal stress of O and
490 MPa, respectively. Repeated RVS tests were performed for 14 and
13 cycles, respectively. Egp and E, ¢ of the /-V curves and their differ-
ence AE=FEpp—F ¢ are shown in Fig. 3¢ and d. Two phenomena are
observed. First, repeated RVS tests at the same point of a sample result
in smaller and smaller £, and no obvious decrease in Egp for both O
and 490 MPa normal stress. Leakage current, therefore, appears at
smaller and smaller voltages for repeated RVS tests. Second, the nor-
mal stress can speed up the reduction of £, ¢ and significantly increase
the leakage current. While AE increases to 4.26 MV/cm after 14 repe-
ated RVS tests with zero normal stress, AE increases to 10.72 MV/cm for
13 repeated tests with 490 MPa normal stress. Importantly, £ ¢
decreases by more than 10 times to <1 MV/cm, and leakage current can
progressively increase to 10 pA before the breakdown, which is one
order of magnitude larger than that (<1 pA) with zero stress, after
repeated RVS tests for more than 10 times in the latter case. The results
indicate that normal mechanical stress can significantly degrade the
ability of hBN nanosheets to block leakage current in cyclic voltage
application, even for thick nanosheets up to 41.3 nm.

Dielectric strength weakening in constant voltage stress tests

The dielectric strength of hBN nanosheets is then studied by constant
voltage stress (CVS) tests, where electrical current across the metal/
hBN/metal structure under a fixed voltage is recorded with time.
Notably, since Egp varies with the thickness of samples as shown in
Fig. 2, applying the same strength of the electric field to the samples
with different thicknesses will result in quite different behaviors of
leakage current: while thick samples with lower Egp exhibit instanta-
neous dielectric breakdown, thin samples with higher Egp exhibit
negligible leakage current for a long time (>2000 s). In order to focus
on the effect of mechanical stress on leakage current, we chose a
specific voltage slightly less than the Vpp to each sample to obtain
current (/)-time (7) curves within a reasonable time (typically <1000 s),
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under mechanical stress. a, b Sequential /-V curves of single-sample RVS tests on
the dielectric strength of 41.3 nm-thick nanosheets with 0 MPa (a) and 490 MPa (b)
stress. In single-sample RVS tests, repeated RVS tests are performed on the same
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their difference (AE = Egp—E, ¢, solid points) of the sequential /-V curves of single-
sample RVS tests in a (c) and b (d). The solid lines in ¢ and d are the exponential
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which not only ensures us to observe obvious leakage current but also
does not induce immediate breakdown.

Typical I-T curves of CVS tests for hBN nanosheets with different
thicknesses and under different normal stresses are shown in Fig. 4a-c.
Each /-T curve is measured from a different island sample (multi-
sample CVS tests). Four phenomena are observed in Fig. 4a-d. First,
remarkable leakage current can be observed after a period of time
(defined as Ty ¢) even though the applied voltage is smaller than Vpp. In
addition to the strength of the electric field, the applied duration of the
electric field therefore contributes to the dielectric strength degrada-
tion of hBN nanosheets, which agrees well with previous reports®*¢.
Therefore, an electric voltage smaller than Vgp may induce remarkable
leakage current after a long duration of voltage application. This
character will cause a serious problem to the long-term reliability of
hBN nanosheet-based devices. Second, the onset of leakage current of
thin nanosheets with thicknesses of 4-6 and 10-13 nm under fixed
voltage can be significantly accelerated by normal stress with smaller
T.c (Fig. 4a, b). For the thin samples with a thickness of 4-6 nm, T, c can
be shortened from around 500s to <20s when a stress of about
600 MPa is applied. Third, the stress-induced acceleration of the onset
of leakage current is more significant for thinner samples. Figure 4d
shows the T, ¢ extracted from more than 20 CVS tests under different
stress conditions in Fig. 4a, b. While 4-6 nm-thick samples exhibit a
decreasing rate of T;c being about 0.9 s/MPa, 10-13 nm-thick samples
exhibit a smaller decreasing rate of about 0.6s/MPa. Fourth,
mechanical stress shows no regular effect on the onset of leakage
current of thick samples with a thickness of 37-42 nm (Fig. 4¢), indi-
cating that the effect of mechanical stress on the onset of leakage
current is negligible for such thick nanosheets.

In addition to multi-sample CVS tests, single-sample CVS tests are
also performed to investigate the effect of normal stress on the leakage
current of hBN nanosheets. In single-sample CVS tests, /-T curves
under different normal stresses are recorded from the same samples.

Figure 4e, f show the /-T curves of two different samples in 8.9 nm
thickness when they were stressed and unstressed. It can be seen that
both the magnitude of the leakage current and its increasing rate with
time are significantly increased when subjected to normal stress. As
indicated by the red dashed lines in Fig. 4f, the /-T curves near the
onset of obvious leakage currents can be described by the power law
I o (T — T,0)¢, where Cis the exponent used to measure the increased
rate of leakage current, similar to that of voltage stress-induced leak-
age current (SILC) in the previous reports*’. In addition to smaller T,
it can be seen that both samples exhibit larger C when they are loaded,
indicating a larger increasing rate of leakage current under normal
stress. Therefore, both multi-sample and single-sample CVS tests
indicate that normal mechanical stress can weaken the dielectric
strength of thin hBN nanosheets by inducing larger leakage current
and a faster increase of leakage current.

Mechanism for thickness-dependent dielectric strength
weakening

Both RVS and CVS tests demonstrate the mechanical stress-induced
dielectric strength weakening of hBN nanosheets, with thinner
nanosheets showing more obvious weakening. Mechanical stress-
induced dielectric strength weakening has been observed in tradi-
tional dielectrics. Zeller and Steve et al. have found that mechanical
stress can effectively reduce the breakdown strength of SiO, films?*%,
They have speculated that the effects of electric field and mechanical
stress on breakdown failure in dielectrics are basically the same, and
failure occurs when the local electric field and mechanical stress
accumulate to a limit. Recently, Mario et al. reported that the pressure
applied by the probe on the top of the metal/insulator/metal (MIM)
memristor can reduce the breakdown voltage®. In the study of
dielectric ceramics, Li et al. calculated the von Mises stress distribution
and mentioned that strain reduces the breakdown electric field by
promoting microcrack initiation and accelerating local discharge™.
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Fig. 4 | Constant voltage stress (CVS) tests on the dielectric strength of hBN
nanosheets under mechanical stress. a—c Current (/)-time (7) curves of multi-
sample CVS tests on hBN nanosheets with thicknesses of (a) 4-6 nm, (b) 10-13 nm,
and (c) 37-42 nm when different stress is applied. The green, yellow, and blue
curves correspond to the stress range of 0, 100-300, and 400-600 MPa, respec-
tively. The time for the onset of the obvious leakage current is defined as Ty c. d The
plots of Ticin (a) and b versus stress for hBN nanosheets with 4-6 and 10-13 nm.

The dashed lines are a linear fit of the data points. e /-T curves of single-sample CVS
tests on 8.9 nm-thick hBN nanosheets when they are stressed (dark blue/yellow
lines for 13/12 V) and unstressed (light blue/yellow lines for 13/12 V). f I-T curves
zoomed in near the onset of obvious leakage current in (e). The red dashed lines are
power function fitting of /-T curves with the formula /= A(T-T, )¢, where A and C
are constants. The value of C is shown for each curve. Source data are provided as a
Source Data file.

Along with traditional dielectric research, the electro-fracture
mechanics model*® and the filamentary electromechanical break-
down model® based on fracture mechanics have been proposed and
continuously improved. Regarding stress-induced overall compres-
sion in thickness and subsequent strength enhancement of the electric
field, the thickness compression of hBN nanosheets is calculated to be
less than about 2% (see Section 9 of Supplementary Information). Such
a small thickness compression cannot make hBN show remarkable
dielectric strength weakening by the enhancing strength of the
electric field.

So, what is the mechanism responsible for the mechanical stress-
induced dielectric strength weakening in the 2D hBN? Progressive
breakdown of hBN under an electric field can be attributed to various
mechanisms, including anode hole injection®’, anode hydrogen
release*, atomic migration®, collision ionization®, and so on. These
defect-based factors are directly related to the application of the
electric field and the subsequent flow of electrical current, so we
therefore summarize them as the electric field-induced defects.
Dielectric breakdown of hBN without mechanical stress is directly
related to the formation and accumulation of the electric field-induced
defects. Similar to an electric field, mechanical stress can induce
defects in 2D materials from the atomic level to the crystallographic
level, including lattice deformation®, dislocations®’, and cracks®. In
addition to the above defects induced by mechanical stress, mechan-
ical stress may accelerate the aggregation and expansion of pre-
existing electric field-induced defects**“°. We here refer to all these
mechanical factors that are likely to cause dielectric breakdown as
mechanical stress-induced defects. The mechanical stress-induced
defects are expected to result in dielectric breakdown in a similar way
to that of electric field-induced defects. When an hBN nanosheet is
subjected to both electric field and mechanical stress, the effects of

electric field and mechanical stress on dielectric breakdown will be
coupled together and superimposed, showing accelerated breakdown
compared with the case without mechanical stress. Therefore,
mechanical stress-induced dielectric strength weakening in 2D hBN is
attributed to accelerated formation and accumulation of defects by
mechanical stress.

To further illustrate the mechanism responsible for the thickness-
dependent dielectric strength weakening in 2D hBN, we conducted
FEM simulations to study the internal stress distribution in hBN
nanosheets. Figure 5a shows the distribution of the von Mises stress,
which is closely related to the defect accumulation and failure of
materials®, in 40 nm-thick hBN nanosheets. It can be seen that the
stressed area in the hBN nanosheet is larger than that where uniaxial
stress is applied because of the bending stiffness of the top metal layer.
Importantly, the stress at the bottom surface of the nanosheets is
smaller than that at the upper surface, indicating a stress gradient in
the thickness direction. The gradual attenuation of stress is caused by
the gradual expansion of the stressed area from the top to the bottom
and is found to be strongly dependent on the thickness. The ratio of
the stress at the bottom surface (Pporom) to that at the upper surface
(Prop) is found to decrease with the thickness increase (Fig. 5b). Pyottom/
Pop Of the von Mises stress is 73.3% for a 4 nm-thick nanosheet and
decreases to 35.0% for a 40 nm-thick nanosheet. The ratio of normal
stress (S33) shows a similar decrease with the increase in thickness. The
thickness-dependent stress gradient is thought to be responsible for
the thickness-dependent dielectric strength weakening.

Dielectric breakdown of hBN nanosheets under mechanical stress
is schematically shown in Fig. 5c. For thin nanosheets, internal stress
accumulation and mechanical stress-induced defects (see green dots)
show similar density across the thickness because of a small mechan-
ical stress gradient, so the progressive breakdown across the thickness
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Fig. 5 | Simulation of mechanical stress in hBN nanosheets. a Cloud diagram of
von Mises stress distribution in a hBN nanosheet with 40 nm thickness based on
finite element method (FEM) simulation. In the simulation, an island sample with
the same metal/hBN/metal structure as that in our experiments is indented with
400 MPa pressure in the center area with 200 nm in diameter, similar to that in our
experiments. b The ratio of the simulated stress at the bottom surface (Ppottom) tO
that at the upper surface (Pyp) of hBN and SiO, nanosheets with different

thicknesses. Both von Mises stress (solid dots) and the c-axis Ss3 stress (hollow
dots) are displayed. Source data are provided as a Source Data file. ¢ Schematic
drawing showing dielectric breakdown (meandering lines) in thin (upper figure)
and thick (bottom figure) hBN nanosheets under electric field and mechanical
stress. The defects induced by the electric field and mechanical stress are repre-
sented by purple and green dots, respectively.

can be easily sped up by mechanical stress. In contrast, for thick
nanosheets, the internal stress and mechanical stress-induced defects
near the bottom surface are much smaller than those near the upper
surface because of the large internal stress gradient. So, compared
with thin nanosheets, it is more difficult to achieve dielectric break-
down across the whole thickness under mechanical stress in thick
nanosheets. Thicker nanosheets are less susceptible to the mechanical
stress-induced dielectric strength weakening. Thickness-dependent
dielectric strength weakening observed in our experiments can
therefore be well explained by the mechanism that internal stress
accelerates the formation and accumulation of defects in 2D hBN and
thus accelerates the breakdown process. This further supports the
proposed mechanism for mechanical stress-induced dielectric
strength weakening in 2D hBN.

Importantly, the attenuation of internal stress along the thickness
direction is closely related to the layered structure of hBN nanosheets.
For comparison, we calculate the stress distribution in isotropic SiO,
thin films with different thicknesses (Figs. 5b and S9). Even though
stress attenuation is also observed in SiO, films, hBN exhibits much
more obvious attenuation of mechanical stress than that of SiO,,
especially in von Mises stress. When the thickness increases from 4 to
40 nm, similar to that in our experiments, Pyotcom/Prop Of the von Mises
stress in SiO, decreases from 96.7% to 82.3%, while it decreases from
73.3% to 35.0% in hBN. In addition to the more obvious attenuation of
von Mises stress in hBN for a specific thickness, stress attenuation in
hBN also exhibits a stronger thickness dependence than that in SiO,.
The phenomena are attributed to the larger lateral expansion of
stressed areas in anisotropic layered structures than that in isotropic
SiO,. Our observed thickness-dependent dielectric strength weaken-
ing of hBN nanosheets under mechanical stress is therefore closely
related to their layered structures.

In summary, the dielectric strength of hBN nanosheets under
mechanical stress is systematically studied by multi-sample/single-
sample RVS/CVS tests. The dielectric strength of hBN nanosheets is
found to be weakened with lower breakdown strength, shorter
breakdown time and larger leakage current under normal mechanical
stress. The dielectric strength weakening is found to show thickness
dependence, with more remarkable weakening for thinner nanosheets,
which is closely related to the layered structures of hBN nanosheets.
The ability of hBN nanosheets to block leakage current in cyclic voltage
application can be significantly degraded by mechanical stress, even
for thick nanosheets up to 41.3nm. The results indicate that hBN
nanosheets are not ideal insulators for 2D material-based devices
exposed to mechanical stress, and special cautions are needed in cases

with possible mechanical stress, especially for those on flexible
substrates.

Methods

Sample preparation

Au/Ti film (thickness 200/20 nm) is firstly deposited on SiO,/Si sub-
strate (~285 nm/500 um in thickness) using electron beam evaporation
(Texas Instruments DE400) method. High-quality hBN nanosheets
with different thicknesses (<50 nm) are obtained by the mechanical
exfoliation method from hBN bulk crystals synthesized by the high-
pressure high-temperature method®* and transferred to the substrate
with an Au film using thermal-release tape. The thickness of hBN
nanosheets is measured by atomic force microscopy (AFM). hBN
nanosheets with uniform thickness in a large area are selected under an
optical microscope. An array of Au/Ti metal disks with a thickness of
160/20 nm and a diameter of 1 um is prepared on the surface of the
hBN nanosheets using microfabrication techniques, including electron
beam lithography (Raith150 Two), electron beam evaporation, and lift-
off process. The array of metal/hBN/metal islands is obtained by
etching away hBN surrounding the metal disks through reactive
ion etching (ETCHLAB 200) (O,/CHF;, 4/40 sccm, 60 W, 5 min) using
the metal disks as the marks (see Fig. S2 in Supplementary
Information).

Dielectric strength tests under mechanical stress

Dielectric strength tests are performed at room temperature inside the
vacuum chamber (-10Pa) of an SEM (FEI Quanta 600F) equipped
with two nanomanipulators (Kleindiek MM3A). The substrate with an
array of metal/hBN/metal islands is fixed to a spring stage that is held
by a nanomanipulator. A tungsten (W) probe held by another nano-
manipulator is manipulated to indent a metal/hBN/metal island to
apply normal mechanical pressure to the hBN nanosheets. Electrical
voltage and current of metal/hBN/metal islands are sourced and
measured by using a semiconductor parameter analyzer (Keithley
4200-SCS) through the two nanomanipulators.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All raw data generated during the study are available from the corre-
sponding author upon request. Source data are provided with
this paper.
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