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ABSTRACT: Polymer dielectrics can be cost-effective alternatives
to conventional inorganic dielectric materials, but their practical
application is critically hindered by their breakdown under high
electric fields driven by excited hot charge carriers. Using a joint
experiment−simulation approach, we show that a 2D nanocoating
of hexagonal boron nitride (hBN) mitigates the damage done by
hot carriers, thereby increasing the breakdown strength. Surface
potential decay and dielectric breakdown measurements of hBN-
coated Kapton show the carrier-trapping effect in the hBN
nanocoating, which leads to an increased breakdown strength.
Nonadiabatic quantum molecular dynamics simulations demon-
strate that hBN layers at the polymer−electrode interfaces can trap
hot carriers, elucidating the observed increase in the breakdown
field. The trapping of hot carriers is due to a deep potential well formed in the hBN layers at the polymer−electrode interface.
Searching for materials with similar deep well potential profiles could lead to a computationally efficient way to design good polymer
coatings that can mitigate breakdown.

KEYWORDS: polymer, hexagonal boron nitride, coating, dielectric breakdown, hot carrier, deep well trapping,
nonadiabatic quantum molecular dynamics

■ INTRODUCTION

Dielectric polymers offer numerous advantages over their
inorganic counterparts but are severely limited by their
breakdown under high electric fields.1−8 Dielectric breakdown
is typically modeled within the electron avalanche theory,9−14

where strong electric fields excite hot carriers past the impact
ionization energy causing further carriers to be excited (carrier
multiplication), which eventually results in structural damage
to the polymer and dielectric breakdown.4,5 To limit the effect
of injected hot carriers, there has been a growing effort to
utilize nanoscale two-dimensional (2D) materials with large
band gaps and favorable electrically insulating capability as
coating materials. In the past decade, 2D materials with high
breakdown fields, such as hexagonal boron nitride (hBN)
(Eb∼1200 MV/m),15 have been widely used to perform
nanocoating on polymer dielectrics for significantly enhanced
breakdown strength.16−18 The current hypothesis is that
insulating 2D coatings prevent injection of hot charge carriers
from the electrode, thus suppressing the leakage current.
However, there is a critical lack of mechanistic understanding
about the behavior of the charge carriers at the electrode−
polymer coating interface as well as a predictive framework to
determine good potential nanocoating materials.

Recent theoretical studies using nonadiabatic quantum
molecular dynamics (NAQMD) simulations have shed light
on the hot carrier dynamics leading to breakdown in dielectric
polymers.19,20 In particular, it was shown that hot carriers can
localize at polymer surfaces, thereby causing defect formation
and carrier multiplication in a prototypical dielectric polymer,
polyethylene (PE).19 In addition, near the breakdown field, the
NAQMD study showed that hot carriers can strongly couple to
the C-H vibrational modes in PE, resulting in rapid localization
of hot carriers at the surface.20 This polaronic localization
transition is analogous to the coupling of vibrational resonance
with Stark shifts of electronic energy levels under an electric
field.20 These studies indicate the necessity to mitigate the
strong carrier−phonon coupling and localization of hot carriers
in dielectric polymers in order to develop polymers with high
breakdown fields.
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Here, we investigate the hot carrier dynamics at the hBN−
polymer interfaces with hBN as a nanocoat along the charge
injection interface. Surface potential decay and dielectric
breakdown measurements of the commercial polymer Kapton
coated with hBN indicate a carrier-trapping effect that leads to
an enhanced breakdown field. To investigate the microscopic
mechanisms behind this enhancement, a NAQMD simulation
was performed at the hBN−polymer electrode interface. The
simulation reveals the formation of a deep potential well in the
hBN coat, which can trap hot carriers, potentially mitigating
their damage. The application of the hBN coat also results in a
substantial decrease in the carrier relaxation rate in comparison
to previous studies, which is indicative of a weak carrier−
phonon interaction. This weak carrier−phonon interaction
suggests the potential of hBN to mitigate the detrimental
polaronic effects seen to enhance the hot carrier damage.20 In
addition, the signature deep well formed by the hBN layers can
readily be calculated with a standard density functional theory
(DFT) formalism. This key feature can thus be used as a
qualitative proxy for designing a rational search of effective
coating materials.3,8,20,21

■ RESULTS
We experimentally observed the carrier-trapping effect in an
hBN-coated Kapton film by a surface potential decay
measurement, where the polymer film was charged under a
high voltage of 6 kV, and the surface potential was monitored
by a Kelvin probe. Compared with uncoated Kapton, coated
Kapton delivers a higher initial value of surface potential,
indicating that more carriers are trapped due to the existence
of the hBN nanocoating, as shown in Figure 1a. While the
surface potential decays with time in both samples, it could be
found that the surface potential of the coated Kapton is always
higher than that of the uncoated one, implying that such a
carrier-trapping effect could play a significant role in
controlling the charge carrier dynamics. To further assess the
effects of hBN to trap hot carriers, we calculated the trap
energy based on the theory of isothermal surface potential
decay.23 As seen in Figure 1b, a larger trap density can be
found after coating BN for both shallow and deep traps. This
further demonstrates the charge trapping effect of BN. As the
surface potential decay rates can be highly sensitive to the test
setup,24 a detailed explanation of the test setup is provided in
the Methods section. Nevertheless, the relative decay rates of
uncoated and coated Kapton are expected to be similar
regardless of the test setup.
The dielectric insulation of polymers is fundamentally

dictated by charge carrier injection and transport. It is believed
that the electrical conduction could be suppressed when charge

carriers are trapped in deep wells, thus contributing to
enhanced insulation properties. To investigate this, we
performed dielectric breakdown measurements for coated
and uncoated Kapton films. Figure 1c shows that the
breakdown strength of coated Kapton is higher than that of
the uncoated polymer, which is due to the carrier-trapping
effect induced by the hBN nanocoating. To ensure that the
enhanced breakdown was attributed to hBN, a scanning
electron microscopy (SEM) image of the hBN-coated Kapton
is provided in the Supporting Information, Figure S1. We
could see the uniform distribution of BN coatings on Kapton
at a very large scale, and no obvious aggregation can be seen.
Similar to the surface potential decay, the exact value of the
breakdown strength is highly associated with the setup of the
experiment such as the ramping rate.25 A detailed description
of the experimental setup is provided in the Methods section.
To gain a mechanistic understanding of how hBN nanocoats

could enhance polymer breakdown, we performed static DFT
and NAQMD simulations to characterize the hot carrier
dynamics in the electrode−hBN−polymer interface in a
quantum mechanical fashion. Polyethylene (PE) and alumi-
num (Al) were chosen as standard polymer and electrode
materials to assess the effectiveness of the hBN coating as their
interface is best characterized both experimentally and
computationally.3,19−21,26−30 As standard electrode/polymer
databases use PE/Al as the baseline, with which other
polymers and electrodes are assessed,20−22,28−30 they can
thus provide a practical computational screening platform for
determining coating materials in the future. While the band
alignment varies for different hBN-coated polymers, charge
trapping by hBN is expected to remain operative. Thus, PE
provides a computationally efficient benchmark for character-
izing effective coating materials.
To understand the potential charge injection, we first

determined the local potential profiles and band alignment of
aluminum, hBN, and PE using DFT.31−33 To determine the
potential profiles and band energies, each material was
optimized separately with 30 Å of vacuum applied along the
z-axis (c crystallographic axis) with the Perdew−Burke−
Ernzerhof (PBE)34-styled generalized gradient approximation
(GGA) within the projected augmented wave (PAW)
method.35 Full details of the electronic structure calculation
are described in the Methods section. The local potential
energy, valence band maximum (VBM), conduction band
minimum (CBM), and Fermi level energies were then
computed with respect to the mean vacuum energies for
each system. Periodic boundary conditions were applied along
all three crystallographic directions. The optimized systems are
illustrated in Figure 2a. For aluminum, structural optimization

Figure 1. (a) Surface potential decay, (b) trap energy, and (c) Weibull breakdown strength of Kapton and hBN-coated Kapton.
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was performed for a supercell consisting of 2× 3 ×5
symmetrized 4-atom cubic unit cells (instead of a 1-atom
trigonal unit cell). For PE, a 2 ×5 ×4 supercell was optimized,
where the polymer chain direction is along the y-axis (b
crystallographic axis), resulting in eight total PE chains. For
hBN, a 72-atom bilayer system (18 unit cells per layer) was
optimized. Figure 2b−d shows the laterally (i.e., xy-plane)
averaged local potential profiles along the surface normal (z)
direction for the optimized structures with the mean vacuum
energy normalized to zero. A clear Stark deep potential well is
formed in the hBN bilayer in comparison to aluminum and PE,
indicating the potential for hot carriers to be trapped in hBN
layers at the Al−hBN−PE interface.
Figure 3a shows the computed band alignment for the three

structures. PE−hBN forms a straddling style band alignment,

and the aluminum Fermi level is between the hBN VBM−
CBM gap. This indicates that high electric fields lead to the
injection of charges from aluminum to hBN at the Al−hBN−
PE interface. While the band gap is underestimated using the
PBE functional for both hBN and PE, both their relative values
are in agreement with the experiment values.36,37 Figure 3b
illustrates the typical breakdown experiment that we model
with the NAQMD simulation. Field-induced hot carriers can
either be (I) injected directly from the electrode interface into
the polymer or (II) introduced through secondary excitations
in the bulk of the polymer. Here, we study the hot carrier
dynamics described by process I at the hBN−PE interface,
whereas process II has extensively been studied using
NAQMD simulations.19,20

Figure 2. Optimized structures and local potential profiles. (a) Optimized Al, hBN, and PE structures used to compute the local potential and band
alignment. Al, B, N, C, and H atoms are colored in silver, blue, yellow, gray, and white, respectively. (b−d) Laterally (xy) averaged local potential
profiles along the surface normal (z) direction.

Figure 3. Band alignment and schematic of the charge injection experiment. (a) Computed band alignment with the PBE functional for Al, hBN,
and PE with VBM, CBM, and Fermi energy levels labeled. (b) Schematic of the breakdown experiment, where hot carriers can either be (I) directly
injected into the polymer at the electrode interface or (II) caused by excitation of secondary electron−hole pairs in the bulk of the polymer.
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To study the injection of hot carriers from Al at the hBN−
PE interface, we performed NAQMD simulation (see Methods
section) on the interfacial structure along the (110) plane with
2×5 ×2 unit cells of PE sandwiched between two separate 72-
atom bilayers of hBN, which is shown in Figure 4a. A vacuum
layer of thickness 15 Å was added to each end of the interface
for a total separation of 30 Å to remove spurious interactions
between periodic images of the slab. Aluminum was not
included in the interface as it merely supplies the initial

condition of injection of electrons and holes into the hBN
layers, which is modeled in NAQMD as the generation of a
high-energy electron−hole pair at the edges of the hBN−PE
slab as illustrated in Figure 4a.
To simulate the field-induced hot carrier dynamics, a

sawtooth potential was applied along the vacuum direction
to simulate the presence of the electric field. An electric field
strength of 600 MV/m was used, which is near the breakdown
field strength for PE.5,38 Figure 4b shows the local potential

Figure 4. NAQMD simulation. (a) hBN−PE interface used in the NAQMD simulation. B, N, C, and H atoms are colored mauve, lime, black, and
white, respectively. Initial excited electron and hole Kohn−Sham (KS) wave functions are colored red and blue, respectively. Electric field was
applied along the interface normal direction (z) using a sawtooth potential. (b) Laterally (xy-plane) averaged local potential with (red curve) and
without (blue curve) the applied electric field. The difference displaying the linear voltage drop is colored in black. (c) Time evolution of the KS
eigenvalues with the hole and electron energies colored in red and blue, respectively. (d) Semi-log plot of the excitation energy vs time (open
circles) to estimate the relaxation rate by a linear fit (dotted line).

Figure 5. Carrier participation dynamics. (a−g) Angular momentum (l)-dependent fractional contribution of each atomic orbital type to the hole
wave function. The hole wave function hops between the C(p) and H(s) PE states and B(p) and N(p) hBN states before localizing to hBN. (h−n)
l-dependent fractional contribution of each atomic orbital type to the excited electron wave function, which remains primarily localized in hBN for
the entire simulation.
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profiles of the slab with and without the applied electric field
and the difference between them. There is a clear linear shift in
the local potential as a result of the applied sawtooth potential
and the Stark deep potential wells of the hBN layers remain. A
similar linear tilt is seen in the spatially projected partial
density of states, which is plotted in the Supporting
Information, Figure S2. After examining the effect of the
field on the local potential, a NAQMD simulation under the
electric field was run within the canonical ensemble at a
temperature of 300 K with a time step of 0.2418 fs.
Figure 4c shows the time evolution of the KS eigenvalues

along the nonadiabatic trajectory with the hole and electron
energies colored in blue and red, respectively. The excited hole
and electron both slowly relax toward the VBM−CBM energy
levels, respectively (∼200 fs). To better quantify the energy
loss rate k, we calculated the average electronic excitation
energy as a function of time

θ θ
θ θ

=
∑ ϵ ϵ − ∑ − ϵ −ϵ
∑ ϵ ϵ + ∑ − ϵ −ϵ

E t
f t t t f t t t

f t t t f t t t

exc ( )
( ) ( ) ( ( )) (1 ( )) ( ) ( ( ))

( ) ( ) ( ( )) (1 ( )) ( ) ( ( ))
i i i i i i i i

i i i i i i i i

(1)

where f i(t) is the occupation of the ith band at time t, ϵi(t) is
the KS energy, and θ is the heavy-side function. The rate k was
determined by a semi-log fit of the excitation energy as a
function of time over the exponential decay period of the
energy (∼200 fs), which is plotted in Figure 3d. The rate k
=(2.26 ±.01) × 1012 s−1 is orders of magnitude slower than
that reported in a previous NAQMD study of sole PE,19 which
is indicative of a weak carrier−phonon interaction. This
indicates that introduction of the hBN layer could limit strong
polaronic coupling seen to result in rapid damage to C−C
bonds in previous study.20 As the current study incorporated a
much thinner PE layer than that used in previous studies,
tunneling effects could play a role in the calculated rate.
However, as tunneling is anticipated to cause faster carrier
relaxation and surface localization in this study of the hBN−PE
interface, the calculated slower rate indicates that the carrier-
trapping effect of hBN is far stronger than the potential
tunneling effects.
We next examined the carrier dynamics by looking at the l-

dependent atomic orbital contributions to electron and hole
wave functions as a function of time via Mulliken analysis39

(Figure 5). Figure 5a−g illustrates that the hole wave function
alternates between C(p) and H(s) orbitals and B(p) and N(p)
during the first 100 fs. This indicates that the hole wave
function hops between the hBN and PE layers for the first 100
fs. After the first 100 fs, the hole wave function is largely
composed of N(p) orbitals with a small B(p) orbital
composition, indicating that the hole localized and became
trapped in the hBN layers for the remainder of the simulation.
The fractional excited electron composition is similarly plotted
in Figure 5h−n. The excited electron is almost solely
composed of hBN states (primarily B(p) orbitals) throughout
the entire simulation. This indicates that the electron remains
trapped in the hBN deep potential wells for the entire
NAQMD trajectory and is unable to damage the polymer. A
video of the electron−hole dynamics along the trajectory is
provided in the Supporting Information Video S1, which
illustrates the localization of the electron and the hole within
the hBN layers. Throughout the trajectory, no bond breaking
inside the polymer was observed.

■ CONCLUSIONS

Surface potential measurement implies that the hBN nano-
coating could contribute to charge carrier trapping and
consequently improve the dielectric insulation of polymers,
which is evidenced by the enhanced breakdown strength in
hBN-coated Kapton. NAQMD simulations corroborate the
ability of hBN layers to trap hot carriers at the hBN−polymer
interface. The trapping of hot carriers is a result of deep
potential wells formed in the hBN layers. Since local potential
profiles relative to the vacuum energy can be efficiently
computed with standard DFT calculations, probing this feature
in other potential coating materials could provide an efficient
rational design principle for general screening of effective
polymer coating materials.
For assessing the effectiveness of the coating for specific

polymers, it is also desirable to compute the well potential
profile of the interface and compare the relative depths
especially since charge transfer and polarization effects can
happen at the interface with polymers containing nitrogen and
oxygen groups. In addition, as previously mentioned, more
complex polymers are expected to have different band
structures, which could potentially change the charge carrier
dynamics. In the preliminary theoretical and experimental
study of hBN-coated polycarbonate, however, we have found a
similar charge trapping effect of hBN despite the differing band
structures compared to the polymers discussed here. The study
of polycarbonate goes beyond the scope of this work and will
be published elsewhere. While the key point of this study is the
deep potential located in the BN coating layer, other
experiments such as photocurrent injection measurement can
also provide complementary information such as barrier height
between the electrode and the polymer as well as the surface
states. A recent study of hBN using photocurrent injection
measurements has indeed showed the ability of hBN nanocoats
to reduce surface states at polymer−metal interfaces,40 further
corroborating the carrier trapping reported here.

■ METHODS
Experimental Section. To prepare the coating precursor,

hexagonal BN nanosheets (US Research Nanomaterials) with a
diameter of 800 nm were first dispersed in ethanol by tip sonication
for 30 min. Polyvinyl butyral was then dissolved in the above solution
by stirring overnight, which acts as the polymer binder in the
nanocoating. The solution was tip-sonicated again just before the
coating process. A Kapton film with a thickness of 8 μm was
purchased from DuPont for the experimental study. The film was
cleaned using ethanol and dried at 80 °C. Then, it was dipped into the
coating precursor and kept for 30 s before being lift up. The dip-
coated film was dried at 80 °C overnight before conducting electrical
measurements. Dielectric breakdown tests were carried out using a
resistor−capacitor circuit with a linear voltage ramp of 215 V/s. Ball-
plate electrodes were adopted to apply high voltage and electrically
ground the sample. More than 10 samples of coated and uncoated
films were tested to obtain the statistic breakdown strength in the
Weibull plot. In the surface potential measurement, a pair of needle-
to-plate electrodes was used to conduct corona charge. The distance
between the two electrodes is 6 mm. The film sample was placed on
the plate electrode that is grounded. A DC voltage of 6 kV was
applied on the needle electrode for 1 min. Then the sample was
transferred under a Kelvin probe to observe the surface potential
decay for 10 min.

DFT Calculation of Band Alignment. Structure optimization for
a band alignment calculation was performed till the forces were within
5× 10−4 Hartree/Bohr. Energies and forces were computed using a
plane-wave basis within the PAW method.35 Projector functions were
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generated for the 1s hydrogen, 2s and 2p carbon, 2s and 2p boron, 2s
and 2p nitrogen, and 3s, 3p, and 3d Al states. For all structures, a
plane-wave cutoff of 35 Ry for the wavefunctions and 300 Ry for the
density was used. The gamma point was used to sample the Brillouin
zone. The PBE34-styled GGA for the exchange−correlation functional
was used, and van der Waals interactions were included with the
DFT-D method.41 More accurate calculations of the band gaps and
VBM−CBM energies with respect to the vacuum energy can be
obtained with the use of hybrid functionals such as the Heyd−
Scuseria−Ernzerhof (HSE06) hybrid functional, incorporation of
Hubbard interactions in the local density component of the
exchange−correlation potential (LDA + U), or even many-body
perturbative Green’s function methods such as G0W0 or
GWΓ1.37,42−45 However, we were mostly interested in obtaining a
qualitative understanding of the charge injection at the metal−hBN−
polymer interface to perform NAQMD simulation of the hot carrier
dynamics, where these advanced methods become impractical to use.
Calculations were performed in the highly parallelized plane-wave-
based software QXMD.46

NAQMD Simulation. NAQMD simulation was performed at the
hBN−PE interface along the (110) plane with 2×5 ×2 unit cells of PE
sandwiched between two separate 72-atom bilayers of hBN. Prior to
the NAQMD simulation, hybrid cell atomic optimization was
performed on the slab until the forces were within 5× 10−4

Hartree/Bohr and successive energy minimization was within 1
×10−7 Hartree/atom. NAQMD simulation47−49 was performed with
excited-state forces on atoms computed in the framework of time-
dependent DFT50 with phonon-assisted excited transitions between
electronic states modeled within the surface hopping approach.51,52

The NAQMD algorithm used for the excited-state dynamics is
described in refs 46, 47, 49 and was carried out using QXMD
software.46
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