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S
ince graphene was first successfully
isolated from bulk graphite via me-
chanical exfoliation,1 field-effect tran-

sistors (FETs) fabricated usingmany types of
layered channel materials have attracted
considerable attention.2�4 Hexagonal bo-
ron nitride (BN), an insulating layered ma-
terial with a wide band gap (5.2�5.9 eV),5 is
widely utilized as the substrate and gate
insulator to achieve high carrier mobility in
layered channel materials, especially gra-
phene,6 because its atomically flat surface
with no dangling bonds considerably re-
duces its interactionwith thegraphenechan-
nel compared to that of a conventional
SiO2/Si surface. Moreover, the facile control
of thenumber of layers of BN facilitates its use
as a tunneling barrier in electronic devices.7,8

Unlike the interfaces formed in conventional
semiconductor devices using heteroepitaxial
techniques such as molecular beam epitaxy
and pulsed laser deposition,9 an interface
formed by stacking BN with other layered
materials is atomically definitive because of
van der Waals interactions, and the intrinsic
electrical structure of the channel material

can be mostly retained.10 Therefore, BN is
considered to be an ideal insulator for lay-
ered channel materials. Several studies of
the optical,11 mechanical,12 phonon,13 elec-
trical tunneling,14,15 oxidation resistance,16

and hydrophobic17 properties of BN have
also been reported.
The insulating properties and electrical

reliability of the gate insulator are important
issues in device applications. Although the
dielectric breakdown voltage for BN has
been recently reported,14,15,18 little study
has been conducted on the statistical anal-
ysis of the breakdown voltages and the
breakdown mechanism. It is not clear
whether BN is ideal from the viewpoint of
the electrical reliability of the gate insulator.
Thus, far, the dielectric breakdowns of
conventional three-dimensional (3D) amor-
phous oxides, such as the conventional
SiO2/Si system, have been extensively
studied.19�21 In general, the intrinsic elec-
trical breakdown of an insulator can be
simply explained by a percolation model,22

in which defects that are generated locally
under a high electrical field build up in the
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ABSTRACT Hexagonal boron nitride (BN) is widely used as a

substrate and gate insulator for two-dimensional (2D) electronic

devices. The studies on insulating properties and electrical reliability

of BN itself, however, are quite limited. Here, we report a systematic

investigation of the dielectric breakdown characteristics of BN using

conductive atomic force microscopy. The electric field strength was

found to be ∼12 MV/cm, which is comparable to that of conven-

tional SiO2 oxides because of the covalent bonding nature of BN.

After the hard dielectric breakdown, the BN fractured like a flower

into equilateral triangle fragments. However, when the applied voltage was terminated precisely in the middle of the dielectric breakdown, the formation

of a hole that did not penetrate to the bottommetal electrode was clearly observed. Subsequent I�Vmeasurements of the hole indicated that the BN layer

remaining in the hole was still electrically inactive. On the basis of these observations, layer-by-layer breakdown was confirmed for BN with regard to both

physical fracture and electrical breakdown. Moreover, statistical analysis of the breakdown voltages using a Weibull plot suggested the anisotropic

formation of defects. These results are unique to layered materials and unlike the behavior observed for conventional 3D amorphous oxides.
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oxide until a critical defect density is reached, at which
time the oxide suddenly and destructively breaks
down. The variation in the threshold electrical field is
characterized by the Weibull distribution,23 which
applies to weakest-link failure processes because di-
electric breakdown is a stochastic process. The di-
electric breakdown for the high-k oxides on Si24 and
graphene25 also follows the percolation model. How-
ever, it has not been determinedwhether the dielectric
breakdowns of 2D layered materials follow the con-
ventional percolation model for 3D amorphous oxides.
In this study, the dielectric breakdown behavior of BN
was systematically investigated using conductive
atomic force microscopy (C-AFM) to reveal the break-
down behavior of 2D layered materials.

RESULTS AND DISCUSSION

In this study, high-quality BN grown using a
temperature-gradient method under a high-pressure
and high-temperature atmosphere5 was used to obtain
reliable data. Although other growth techniques are
available,18,26�28 their quality still requires improve-
ment. The BN was transferred to a silicon wafer coated
with a 50 nm layer of platinum using the mechani-
cal exfoliation technique. A schematic diagram of
the experimental setup is presented in Figure 1a. A
rhodium-coated silicon cantilever with a radius of
curvature of ∼100 nm was used because the high
melting point (TM = 2236 K) and mechanical hardness
of rhodium enable the iterative usage of the cantilever.
A protective resistor (Rprot) of 100MΩwas inserted into
the circuit in series to protect the coating of the AFM tip
from being subjected to an abrupt, high current at
breakdown.29 This Rprot had no effect on the precise
measurement of the leakage current because it was
much smaller than the resistance of BN (RBN). The
current (I)�voltage (V) measurement was performed
at room temperature in ambient air using a semicon-
ductor device parameter analyzer that was assembled
externally to the AFM system. The positive bias voltage
with respect to the grounded AFM tip was applied to
the Pt electrode and gradually increased to 40 V in a
staircase sweep measurement (time-zero test). Al-
though we have examined the positive bias as well
as negative bias for the breakdown, the polarity effect
is not so obvious. Therefore, the positive bias was
selected in this study. The typical values of the voltage
step, ramping rate, and integral time were 0.050 V,
0.89 V/s, and 40 ms, respectively.
Figure 1b illustrates the electric field around the AFM

tip, which was calculated using a simplified model
(details provided in Supporting Information Figure S1).
The area of∼40 nm in diameter below the AFM tip can
be treated approximately as a parallel-plate electrode,
which is consistent with a previous estimation.30 It is
well-known that the surface of SiO2 is modified during
a C-AFMmeasurement because of the electrochemical

reactions catalyzed by the adsorbed water resulting
from anodic oxidation.29,31,32 It is, however, expected
that the effect of adsorbed water on electrical mea-
surements may be negligible for BN because BN is
hydrophobic17 and resistant to oxidation.16 Indeed, our
supplemental experiment revealed no evidence of
surface modification in BN, unlike SiO2/Si (details pro-
vided in Supporting Information Figure S2).
I�V measurements of local areas (i.e., breakdown

tests) were performed repeatedly on different areas of
the same BN flake. Figure 1c presents an optical
microscopy image of a BN flake with a 27 nm thickness
after the breakdown test. The dielectric breakdown led
to the catastrophic fracture of the BN. The mechanical
stress that was abruptly released during the break-
down event resulted in fracture propagation. The
fractured fragments often exhibited equilateral trian-
gular shapes, especially for thick BN flakes, as shown in
the inset of Figure 1c. The thickness of the triangular
fragments was equal to that of the original flake. This
observation strongly suggests that the preferred frac-
ture directions could be armchair and/or zigzag direc-
tions, as expected from the hexagonal lattice structure
of BN.33,34 These unique breakdowns can be also seen
in the negative bias voltage stress.
Figure 2a presents three sets of I�V curves for the

same BN flake with a thickness of 11 nm. The current
increased smoothly with increasing voltage up to
approximately 15 V and then increased suddenly at
the voltages indicated by solid arrows. In most cases,
the current decreased again within a short time, form-
ing sharp peaks. Then, the current fluctuated randomly
until the conduction path had completely formed
between the two electrodes, where the current was
controlled by Rprot. This variation in the voltages, in-
dicated by the dotted arrows, was clearly larger than
the initial rapid increases in voltage (solid arrows).
This finding suggests that the dielectric breakdown
character of BN is reflected in these initial rapid
increases.

Figure 1. (a) Schematic diagram of the measurement setup
using the C-AFM system. (b) Intensity profile of the electric
field around the AFM probe with a 10-V bias applied. (c)
Optical microscopy image of a 27 nm-thick BN flake after a
series of breakdown tests. One of the fractured areas is
highlighted with the broken circle. The inset presents a
typical AFM topographical image of a fractured fragment.
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These initial points of rapid increase were investi-
gated in detail. A simplified I�V curve is illustrated in
Figure 3a. To observe the topographical changes be-
fore and after the initial rapid increase, the applied
voltage was intentionally terminated at three different
target points. Because the time duration of the initial
current increase was relatively long, the voltage could
be successfully terminated at the target points. Al-
though there was no detectable change in the AFM
topographical image at (i), the formation of a hole with
a diameter of ∼300 nm and a depth of ∼0.6 nm was
observed on the BN surface at (ii), as shown in
Figure 3b. The hole did not reach the bottom Pt
electrode at (ii), but the subsequent catastrophic frac-
ture resulted in a large hole at (iii), as shown in
Figure 3c. The AFM topographical image revealed that
both the Pt coating and the BN flake were broken,
which was confirmed by the detection of the Si wafer
underneath the Pt coating in Raman measurements
(details provided in Supporting Information Figure S3).
Now, our greatest interest is in whether the remain-

ing BN layers beneath the hole are still electrically
inactive. In the case of thicker BN, the fracturing could
be more easily stopped in the middle of the BN, as
shown in Figure 3d. After the AFM tip was adjusted to
precisely the center of the hole, I�V measurements
were performed, and the results are presented in
Figure 2b. In the low-voltage region, the current was
slightly higher than thatmeasured in the first I�V curve
corresponding to the creation of the hole, but the
difference was minimal. Then, a peak appeared, sug-
gesting the onset of dielectric breakdown. Therefore, it

was clear that the remaining BN layers beneath the
hole had not yet broken down electrically.
On the basis of these observations, it appears that

BN undergoes layer-by-layer breakdown in terms
of both physical fracture and electrical breakdown.
Figure 4 presents a series of schematic illustrations of
the breakdown process. The bonding energy along the
direction vertical to the BN surfacewill vary periodically
because of sp2 covalent bonds in the layer and van der
Waals bonds in the interlayer, as shown in Figure 4a.
The breakdown begins in the top layer because of its
2D nature and proceeds layer by layer toward the
bottom Pt electrode, as shown in Figure 4, panels b
and c, respectively. Then, the decrease in the BN
thickness beneath the AFM tip enhances the electric
field, resulting in sudden catastrophic fracture
(Figure 4d). The AFM tip is often lifted up into the

Figure 3. (a) Schematic representation of the I�V curve for
BN. The applied voltage was intentionally terminated at
three different points, (i�iii). (b and c) Height profiles and
AFM topographical images for BNbreakdown terminated at
(ii) and (iii), respectively. (d) Height profile and AFM topo-
graphical image for thicker BN. Although the AFM topo-
graphical imagewas acquired again using an AFM tipwith a
smaller radius of ∼10 nm, the hole shape did not change.
Additionally, no additional small hole was detected within
the fractured large hole, suggesting that the BN was not
completely physically penetrated.

Figure 4. A series of schematic illustrations of the layer-by-
layer breakdown process. (a) Bonding energy along the
direction vertical to the layer surface. The breakdown
begins in the top layer (b) and proceeds layer by layer (c).
The enhancement of the electric field caused by the thick-
ness reduction (d) induces sudden catastrophic fracture (e).
Irreversible defects are drawn as open circles.

Figure 2. (a) Three I�V curves for the same BN flake with a
thickness of 11 nm. The solid and dotted arrows indicate the
VBD values and the short-circuit voltages, respectively. (b)
I�V curves for a fresh BN flake (first I�V curve) and the BN
layers remaining under the hole formed during the first
measurement (second I�V curve). (c) Comparison of I�V
curves for SiO2 andBN, where the transverse axis represents
V � VBD. The voltage step, ramping rate, and integral time
for both experiments were 0.025 V, 0.63 V/s, and 20 ms,
respectively. (d) I�V curves for BN samples with different
thicknesses. The current curves after the initial peaks are
represented by dotted lines because they do not represent
the dielectric breakdown of BN samples.
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neighboring region because of the resulting mechan-
ical shock, as shown in Figure 4e. This causes the
current to decrease sharply, which leads to the forma-
tion of the initial sharp peaks observed in Figures 2a
and 3a. In fact, when an AFM image was acquired after
breakdown, the position of the image was sometimes
shifted by a few micrometers with respect to the
original image, where the displacement of the tip
was larger than the usual drift. Finally, similar behavior
repeats until complete conduction is achieved be-
tween the two electrodes. Therefore, the initial peak
indicates the dielectric breakdown, and the complete
conduction observed later is an artificial effect. Here-
after, the voltage corresponding to the onset of the
initial peak is defined as the dielectric breakdown
voltage (VBD).
From the investigation of the initial current increase,

we realized that the increase in the current for the BN at
dielectric breakdown was much slower than that for
the well-studied case of SiO2 oxide. Therefore, the
dielectric breakdown for SiO2 with the same thickness
as the BNwas also tested using the sameC-AFM system
for comparison. Figure 2c presents a comparison of the
I�V curves for BN and SiO2 near the dielectric break-
down voltage, where the transverse axis represents
V � VBD. For 4 experiments, the time duration of the
rapid current increase for SiO2 was less than the
minimumhold time of 20ms for the I�Vmeasurement
system. On the other hand, the average time duration
and the standard deviation of the same BN flake for
15 experiments were 253 and 87 ms, respectively. The
origin of this difference may be the layer-by-layer
breakdown behavior of BN, which seems to be the
primary difference in behavior between 2D layered
materials and 3D amorphous oxides.
Here, let us discuss the dielectric breakdown beha-

vior of BN from the microscopic point of view. Ava-
lanche breakdown is one of the mechanisms of
dielectric breakdown.35 The carriers that are acceler-
ated by the electrical field gain energy greater than
the band gap to excite electron�hole pairs, which
often breaks the bonding. For BN, the generation of
electron�hole pairs might occur only within each layer
because the interlayer distance is 2.3 times greater
than the distance between nearest-neighboring atoms
in a layer. If this is the case, then the observed layer-by-
layer breakdown characteristics are not specific to
C-AFM measurements but rather are intrinsic to
layered materials; although in the case of a conven-
tional metal top electrode, the first layer to break may
not be limited to the top layer as it is in the case of an
AFM tip.
Let us consider the formation of irreversible defects,

that is, the soft breakdown before the layer-by-layer
hard breakdown. Iterative I�V measurements for
the BN flake with a thickness of 27.5 nm were per-
formed from 0 to 25 V (a few volts below VBD). All

measurements clearly overlapped (details provided in
Supporting Information Figure S4), indicating no de-
tectable irreversible defect formation. Now, let us
move back to the case of the dielectric breakdown
for the remaining BN layer under the hole, as shown in
Figure 2b. The VBD value for the remaining 16.5 nm BN
layer under the hole was ∼6.7 V. This is much lower
than that for a fresh BN flake with the same thickness
(VBD =∼20 V for∼16.5 nm) because of the irreversible
defect formation in the remaining BN layer under the
hole. Thus, it was concluded that irreversible defects
must form immediately just prior to dielectric break-
down. Therefore, these irreversible defects are sche-
matically drawn as open circles in Figure 4.
The variation in VBD for different thicknesses was

investigated to gain further insight into the difference
between 2D layered materials and 3D amorphous
oxides. Figure 2d presents typical I�V curves for BN
flakes with different thicknesses. VBD, as indicated by
the arrows, increased with increasing thickness. The
measured VBD values were sorted in ascending order
for statistical analysis, and then the cumulative failure
probability (FBD) against VBD was characterized by
Weibull plots.36 Weibull plots of the VBD distributions
for different thickness are presented in Figure 5a. The
correlation coefficient values of the linear fits for BN
with thicknesses of 11, 16, and 22 nm are 0.983 (for 15
samples, N = 15), 0.965 (N = 17), and 0.945 (N = 16),
respectively. The good linear fits indicate that the VBD
data can be described using the Weibull plot para-
meters. Each fit line is described by the following
equation,

ln(�ln(1� FBD)) ¼ βln(VBD) � β ln a

where R corresponds to the VBD at which 63.2% of
samples fail, and β is the slope of the line, which
characterizes the degree of VBD variation (uniformity)

Figure 5. (a) Weibull plots of VBD distributions for different
thicknesses of BN. (b) EBD as a function of thickness for BN
for the data measured in this study and for previously
reported data. (c) The relation between EBD and dielectric
constant k.
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and determines the failure mode classification that is
widely used in reliability engineering. In general, β < 1
indicates extrinsic breakdown caused by extrinsic
defects (B-mode breakdown) as well as early failure
(A-mode breakdown).25,36 Therefore, β > 1 (C-mode
breakdown) is required in terms of reliability because
this mode represents the intrinsic nature of the di-
electric. In this study, the β values for 11, 16, and 22 nm
BN were estimated to be 23, 19, and 13, respectively,
reflecting intrinsic breakdown. By comparison with the
value of β = ∼ 8.0 observed for high-k,37 the quality of
the present BN crystal is found to be reasonably high,
suggesting that the intrinsic breakdown mechanism
can be discussed based on these data. As seen in
Figure 5a, thicker BN samples had smaller β values in
the tested range. Interestingly, this result is opposite to
that observed in the SiO2 case, which is well explained
by the percolation model.22 For thicker oxides, many
defects are required to create a breakdown path.When
the randomness of defect formation in 3D amorphous
oxides and the lack of interaction between defects are
taken into account, the variation in VBD becomes small.
This is the case for SiO2. The opposite results observed
for 2D layered BN suggest that the anisotropic forma-
tion of defects is the key to understanding the present
data; further analysis via simulation is required to
investigate this issue.
Figure 5b presents the electric field strength (EBD =

VBD/thickness) as a function of thickness for BN based
on the datameasured in this study as well as previously
reported data for SiO2.

19 Each point represents data
averaged frommore than 5measurements of the same
flake. The EBD obtained in this study is in agreement
with that reported previously for thin BN.15 It is inter-
esting that EBD for BN decreases with increasing the
thickness. The similar behavior is also observed for
SiO2. This could be explained as follows. Because of the
very high density of defects formed in thicker BN flakes,
the local internal fields may well reach the magnitudes
observed in thin BN flakes. This also explains the lower

EBD values observed for slower ramping rates (details
presented in Supporting Information Figure S5) be-
causemore defects are formed in such cases. Although
the increase in atomic bonding energy from bulk BN
to monolayer BN13 may contribute to the increase in
EBD observed with decreasing thickness, it does not
explain the difference in EBD observed for different
ramping rates.
Finally, let us discuss the relation between EBD and

the dielectric constant (k), which is important in terms
of the selection of materials for use as gate insulators
in FETs. Empirically, EBD and k exhibit an inverse
relationship,37�39 as represented by the dotted line
in Figure 5c. Materials with ionic bonding exhibit larger
k values because of their higher polarization, whereas
those with covalent bonding exhibit smaller k values.
The EBD values obtained for the present BN flakes are
plotted in Figure 5c under the assumption that k = 4.
The data lie along the empirical relation. For EBD values
obtained by applying a voltage normal to the layer
surface, the anisotropic nature of the covalent bonding
in BN is not apparent. EBD values obtained by applying
the voltage parallel to the layer surface are expected to
differ considerably.

CONCLUSION

The dielectric breakdown of high-quality BN flakes
was investigated via C-AFM to reveal the breakdown
behavior of 2D layered materials. On the basis of
detailed I�Vmeasurements of the BN layers remaining
after hole formation, layer-by-layer breakdown was
confirmed in the context of both physical fracture
and electrical breakdown. Statistical analysis of the
breakdown voltages using Weibull plots suggested
the anisotropic formation of defects. These results are
unique to layered materials and differ from those ob-
served for conventional 3D amorphous oxides. More-
over, the robustness of the irreversible defect forma-
tion and the high electric field strength suggest that BN
is a reliable insulator for use in 2D electronic devices.

EXPERIMENTAL SECTION
Single-crystal BN flakes exfoliated on a Pt/Si substrate were

identified using an optical microscope (LV100, Nikon) equipped
with a camera (DP71, Olympus). A platinum electrode was
selected because it is stable in ambient air, without any native
oxide formation, and the root-mean-square (RMS) surface
roughness is less than 0.2 nm. The thicknesses of the BN flakes
(2�30 nm) were evaluated via AFM in contact mode. For
comparison, SiO2 films grown thermally on n-type Si (100)
wafers were also investigated in the same system with the
protective resistor of 100 MΩ. The thickness of the SiO2 was
measured using an ellipsometer (GES 5, Sopra). Topographic
imageswere acquired using anAFM (a SPA-400microscope unit
controlled by an SPI 400 probe station, SII NanoTechnology)
with a rhodium-coated Si cantilever (SI-DF20-R, SII Nano-
Technology) with a loading force of 1.6�1.9 nN at room
temperature in ambient air. A stiffness of the cantilever is

1.6�1.9 N/m. I�V measurements were performed using a
semiconductor device parameter analyzer (B1500A, Keysight
Technology) assembled externally to the AFM system.
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