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Vertically self-ordered orientation of
nanocrystalline hexagonal boron nitride thin
films for enhanced thermal characteristics†

Olivier Cometto,a,b Bo Sun,c Siu Hon Tsang,d Xi Huang,c Yee Kan Kohc and
Edwin Hang Tong Teo*a,e

Vertically self-ordered hexagonal boron nitride (ordered h-BN) is a highly ordered turbostratic BN (t-BN)

material similar to hexagonal BN, with its planar structure perpendicularly oriented to the substrate. The

ordered h-BN thin films were grown using a High Power Impulse Magnetron Sputtering (HiPIMS) system

with a lanthanum hexaboride (LaB6) target reactively sputtered in nitrogen gas. The best vertical alignment

was obtained at room temperature, with a grounded bias and a HiPIMS peak power density of 60 W cm−2.

Even though the film contains up to 7.5 at% lanthanum, it retains its highly insulative properties and it was

observed that an increase in compressive stress is correlated to an increase in film ordering quality.

Importantly, the thermal conductivity of vertically ordered h-BN is considerably high at 5.1 W m−1 K−1. The

favourable thermal conductivity coupled with the dielectric properties of this novel material and the low

temperature growth could outperform SiO2 in high power density electronic applications.

Introduction

Textured carbon, a nanostructured carbon film with its basal
plane oriented vertically, has been studied in the past for its
remarkable properties.1,2 Studies have shown that it has an
excellent through plane thermal conductivity3 (i.e. perpendicu-
lar to its substrate) of up to 16 W m−1 K−1 as compared to
amorphous carbon (less than 5 W m−1 K−1). The simplicity to
obtain it under low temperature growth conditions (i.e. below
200 °C) and by post-deposition phase transformation treat-
ments on amorphous carbon film (i.e. laser annealing4 and
stress induction5) have unveiled its potential for thermal dissi-
pation applications in electronics. However, textured carbon is
electrically conductive6 and less applicable for devices where
an insulative material is necessary. Conversely, Boron Nitride
(BN) compounds, which are isostructural to the polymorphs of

carbon, are however highly electrically insulative and a
material of choice for use as a dielectric. BN exists in many
phases analogous to carbon, the most common being the sp2-
bonded hexagonal phase (h-BN) comparable to graphite, the
sp3-bonded cubic phase (c-BN) similar to cubic diamond as
well as the turbostratic BN (t-BN) phase analogous to turbo-
stratic carbon. This similarity in structure suggests that a BN
equivalent of textured carbon phase could exist and a similar
thermal improvement is expected while preserving its intrinsic
insulative properties. Importantly, although turbostratic BN
possesses out-of-alignment basal planes, the intrinsic random
orientation of the planes hampers the phonon transport due
to the disordered planar orientation and the lack of a continu-
ous crystalline structure. Also, despite the fact that t-BN was
first discovered in the 1960s,7 the primary research was con-
ducted mainly for the suppression of its formation, in an
attempt to obtain high quality c-BN or h-BN.8–11 Here, we
introduce a controlled growth of a vertically self-ordered hexa-
gonal BN structure with High Power Impulse Magnetron
Sputtering (HiPIMS).12 Since BN is electrically insulative, a
Lanthanum Hexaboride (LaB6) target was used instead and
reactively sputtered in nitrogen gas to grow BN. It is shown
that the lanthanum content in the film remains low and does
not affect the electrical properties of the BN films. The verti-
cally oriented arrangement of boron and nitrogen sp2 clusters
in our BN film is structurally equivalent to h-BN and retains
similar characteristics. In addition, this oriented structure
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facilitates phonon transport in the vertical direction, and thus
a relatively high thermal conductivity of 5.1 W m−1 K−1 is
achieved in the vertical direction. Here, we propose that the
controlled growth of highly ordered h-BN is due to the ion-
induced compressive stress during growth, where the Gibbs
energy would be minimal when the basal plane orientates
itself parallel to the stress plane,13,14 similar to the previous
observation in carbon.1,6

Experimental setup
Film growth

BN films have been deposited using a HiPIMS system from
Mantis Deposition Ltd combined with a Hipster 1 pulsed
power supply from Ionautics. The pulse rate was set to 4000
Hz, with a pulse width of 25 μS, achieving a duty cycle of 10%.
The base pressure used in the chamber is 10−6 mbar, and goes
up to 8 × 10−3 mbar during deposition. Pure boron is electri-
cally insulative at room temperature and requires to be heated
up to 500 °C before it starts being conductive, which compli-
cates the sputtering setup.15 Instead, a 3″ diameter lanthanum
hexaboride (LaB6) target was used as it does not require high
temperature and is also able to produce plasma with very high
boron content and high ionization rate.16,17 The LaB6 target
was reactively sputtered by a mixture of nitrogen (20%) and
argon (80%). The pulse voltage was 350 V with a pulse inten-
sity of 25–30 A and an average power of 270 W. With a duty
cycle of 10%, the peak power density is ∼60 W cm−2. Several
BN thin films were deposited with various bias voltage ranges
from 0 V (substrate grounded), −47 V (floating substrate),
−75 V and −100 V, and substrate temperatures of room tempera-
ture (RT), 50 °C, 600 °C and 1000 °C. All the samples were de-
posited on double sided polished silicon substrates (100) with
a thickness of about 700 μm.

Film characterization

High resolution transmission electron microscopy (HRTEM)
was performed to study the film crystalline structure, and elec-
tron energy loss spectroscopy (EELS) was used to deduce the
B : N ratio as well as the amount of La in the film. In addition,
the sample smoothness (RMS average) was measured via
atomic force microscopy (AFM) on a square surface where each
side is 25 µm in length. X-ray diffraction (XRD) patterns and
rocking curves were obtained using a Shimadzu XRD-6000
X-ray diffractometer with Cu Kα radiation (λ = 0.15418 nm),
using the Bragg Brentano geometry. The film resistivity was
measured using a 4-point probe system (Keithley 4200-SCS).
Fourier Transform Infrared Spectroscopy (FTIR) was performed
to analyse the presence of h-BN and c-BN. The stress data were
gathered using a Bruker DektakXT surface profiler with the
Vision64 software to compute the stress from the film profil-
ing. The thickness and profile of the substrates were measured
before the film deposition at a specific location (profile length
of 10 000 μm). After the film was grown, the sample was pro-
filed again and the software compared both profiles to

compute the stress. The film thickness was measured at
4 different locations on each sample in order to obtain an
average film thickness and confirm the uniformity of the film
across the substrate. The average stress was then computed
using the stress analysis component of the software.

The thermal conductivity was measured using time domain
thermoreflectance (TDTR),18 a pump–probe technique that has
been widely used for thermal properties of thin films19,20 and
interfaces.21 To prepare the samples for TDTR measurements,
a ∼90 nm thick Al film was deposited on the samples to be the
transducer for the measurements. In TDTR measurements, a
train of ultrashort laser pulses is split into a pump beam and a
probe beam using a polarizing beam splitter. The pump beam,
modulated by an electro-optic modulator, is absorbed by the Al
transducer and thus heats the sample periodically. The syn-
chronized but time-delayed probe beam measures the tempera-
ture oscillation on the surface of the samples via the change in
reflectance with temperature (i.e. thermoreflectance). The
thermal conductivity of BN and the thermal conductance of Al/
BN interfaces are then derived by comparing the TDTR
measurements to the calculations of a thermal model for heat
flow in layered structures.22 In the measurements, we used a
modulation frequency of 1–10 MHz, a 1/e2 laser radius of 6–30
µm and a total laser power of 25–130 mW; the total power was
chosen according to the laser spot size to limit the steady state
temperature rise to only <10 K. Similar values of thermal con-
ductivity were derived when different modulation frequencies
and laser spot sizes were used.

Results and discussion
Microstructure analysis of the BN film through TEM

Oriented BN films with thicknesses beyond 1.5 μm have been
achieved without any film dislocation at the interface between
the silicon substrate and the film. Fig. 1 shows two HRTEM
images of a film deposited with a power density of 60 W cm−2

at room temperature and a floating bias of −47 V. From
Fig. 1a, it can be seen that the film consists of a thin buffer
zone at the interface between the BN film and the substrate
that is made of amorphous BN, with a thickness of approxi-
mately 6 nm, before the ordered layer starts. This transition
layer, induced by the different lattice constants between
silicon and the oriented BN film, acts as a lattice mismatch
buffer, preventing film dislocations. The Fast Fourier Trans-
form (FFT) of the oriented BN film exhibits the characteristic
pattern of normal orientation along the (0002) plane, with an
inter-planar distance of 0.35 nm. In addition, the FFT of the
silicon substrate also shows a highly crystalline structure,
which is evidence that no damage was made to the substrate
during the deposition process. Fig. 1b shows another HRTEM
image taken a few hundred nanometers away from the sub-
strate. From the distinct observation of the basal planes and
the diffraction arcs seen in the FFT image (inset), the for-
mation of the planes is highly oriented and homogeneous
across the entire film.
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Quantifying the film ordering and its dependence to
film stress

The quality of the film structure was measured using FTIR.
It is a technique that has been widely used for BN thin film

characterization9,23,24 and can provide information about the
vibrational modes in the BN crystalline structure to detect
the presence of either the hexagonal or cubic crystal struc-
ture. In addition, it can also differentiate between vertical
and horizontal ordering of the hexagonal phase by compar-
ing the degree of ordering between the films. An enhanced
response peak at 800 cm−1 (out-of-plane B–N–B bending
mode absorption peak) relative to the main 1380 cm−1 peak
(in-plane B–N stretch mode), as well as the emergence of a
2-phonon peak or “derivative-like” response25,26 at
1600 cm−1, is evidence of h-BN with vertical plane orien-
tation. Indeed, h-BN planes exhibit an IR active mode at
800 cm−1 which is forbidden in the case of an IR beam with
normal incidence. In the case of non-normal incidence, the
800 cm−1 mode starts being active and is maximum when the
basal planes are aligned perpendicular to the substrate.25–27

In this study, we computed the ratio of the in-plane and out-
of-plane IR responses to quantify the extent of plane orien-
tation in the films. Fig. 2 compares the FTIR response of an
ordered h-BN film, a BN film containing both cubic and tur-
bostratic phases as well as h-BN powder. For the c-BN/t-BN
film, the cubic content acBN is directly computed from the
ratio of the cubic peak intensity as per the following
formula:23,28

acBN ¼ Ic
Ic þ Ih

where Ic and Ih are respectively the c-BN (1080 cm−1) and in-
plane h-BN (1380 cm−1) maximum absorption peaks, and it
is found to be 20%. For the oriented BN thin film, the

Fig. 1 (a) HRTEM of a BN film grown at room temperature with floating
bias showing the interface between the film and the silicon substrate. A
transition layer of ∼6 nm is located at the interface before the vertically
ordered structure starts. The smooth interface implies a good film
adhesion and no damage to the substrate. The top FFT shows a normal
orientation along the (0002) plane, with an interplanar distance of
0.35 nm. (b) HRTEM of the same film taken in the middle region with its
FFT displaying compact partial circles, which indicates normal
orientation.

Fig. 2 FTIR spectra of BN samples. The h-BN powder is a high purity
powder made of 10 μm particles. The c-BN/t-BN film was grown with
HiPIMS at 500 °C, a 0 V substrate, and a peak power density of 200 W
cm−2. The ordered h-BN sample was grown with HiPIMS at room temp-
erature and 60 W cm−2 peak power density. The computed R770/1380

peak ratios for ordered h-BN, c-BN/t-BN and h-BN powder are respecti-
vely 0.51, 0.19 and 0.29.
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absence of any peak around 1080 cm−1 confirms the absence
of the cubic phase in the film. It is also characterized by its
broader peak around 1400 cm−1 and a significant response at
around 800 cm−1 whereas the other spectra in Fig. 2 exhibit a
sharper response around 1400 cm−1 and a much weaker peak
around 800 cm−1. Each spectrum was normalized between 0
and 1 for all values in between 650 cm−1 and 2000 cm−1 after
subtracting a baseline (see ESI† for more details of the spec-
trum processing). The maximum of the absorption peak seen
in Fig. 2 reaches 0 for the in-plane vibration at 1380 cm−1

and the ratio R770/1380 can be written as follows:

R770=1380 ¼ 1� I770
1� I1380

¼ 1� I770
1

Using this peak ratio definition, we computed the values
for the 3 samples in Fig. 2 (as shown in the caption).

Fig. 3a is a plot of the compressive stress and the FTIR
peak ratio versus substrate negative bias. It can be observed
that the compressive stress decreases with an increase of
bias. Furthermore, the FTIR peak ratio shows a downward
trend when the bias voltage increases, indicating that a
higher compressive stress induces an increased vertical align-
ment of the basal planes in the film. The FTIR peak ratio at
75 V negative bias shows a slightly higher value compared to
the floating bias point (47 V) due to the fitting of the base-
line, introducing small errors (±0.02) into the peak heights.
Fig. 3b shows that the compressive stress in the film
decreases with increasing negative bias and/or increasing
temperature, with a maximum of 4 GPa for a grounded sub-
strate at room temperature. The decrease in compressive
stress in the film on increasing the energies during film
growth is explained further below.

The growth mechanism of the film could be explained by
two competing effects that are contributing to the film struc-
ture formation: temperature and ion energy (controlled by
the bias voltage). A higher temperature increases the ion
mobility but also moves the h-BN/c-BN phase equilibrium to
a higher pressure.29 In the case of PVD processes in a
vacuum, compressive film stress accounts for the high
pressure zone localized at the growth region. In the case of
HiPIMS with LaB6, no in-plane hexagonal BN structure could
be obtained even at 1000 °C as the stress build-up in the film
during deposition remains too high, promoting the vertical
orientation instead. Following the trend seen in Fig. 3a,
increasing the ion energy will lower the stress, which means
that increasing the bias further could potentially lower the
stress enough to allow the formation of in-plane h-BN. Unfor-
tunately, no successful growth beyond −100 V bias was
achieved due to the occurrence of electrical breakdowns at
the substrate. This is because the deposited BN is electrically
insulative and acted as an immediate dielectric layer in-
between the substrate (negatively charged) and the plasma
B+, La+ and N+ ions (positively charged). As the deposition
continues, it reaches a critical charge build-up on both sides

of the film, leading to an electrical breakdown and damages
to the surface.

Impact of stress on the film structure

From the above results, a direct relationship between compres-
sive stress, ion energy and film ordering is established. As
observed in Fig. 3, increasing the bias would decrease the
stress, unlike carbon where it would reach a maximum stress
before decreasing.30 McKenzie et al. suggested that the stress σ
could be written as follows:13

σ /
ffiffiffi

E
p

R
j
þ kE5=3

where k = 0.016ρE0
−5/3, E is the ion energy, j is the ion flux,

and ρ, E0 and R are material related parameters. This formula
describes 3 different behaviours depending on the incident
ion energy E. For low values of E, the ions will bounce off the
film and will not disturb the film structure much, meaning
that the stress will remain low. For intermediate values of E,

Fig. 3 (a) Film stress as a function of the applied bias voltage and the
FTIR peak intensity ratio between the in-plane response located at
1380 cm−1 and the out-of-plane response located at 770 cm−1. (b) Com-
pressive stress value for films grown at different temperatures and
biases. The lowest bias is 0 when the substrate holder is connected to
the ground. The value of −47 V is the floating bias.
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the ions will penetrate the surface of the film and contri-
bute to the stress increase by forcing themselves in the film
and create a denser and more compact structure. For
higher E values, the ions will go deeper into the film and
start displacing atoms in the structure, creating defects in
the crystals and thus reducing the film stress. When corre-
lating the stress curve experimentally obtained for the case
of HiPIMS with LaB6, the trend observed in Fig. 3a is
located in the later portion of the stress versus ion energy
curve as per Fig. 4. For high values of E the stress can be
approximated as:

σ / 1
kE7=6

When computing a curve fitting of the experimental data, a
good match was obtained for k = 3.73 × 10−4 and E = 259 eV. A
value of 259 eV as an average ion energy distribution of B+ is
higher than expected but is still within a reasonable range. By
comparison, a carbon film obtained from filtered cathodic
vacuum arc deposition usually produces a plasma made of C+

ions with an average energy of 20 eV.31 The lower energy for
carbon allows the tuning of the ion energy to reach the peak of
the stress curve, permitting the growth of ta-C for instance.

The extremely high plasma energies are a result of the use
of the LaB6 target combined with the high current pulses of
HiPIMS, which facilitates the phase change from amorphous
BN to a crystalline structure. The B+ energy distribution com-
prises two areas: a peak at 1–5 eV, followed by a long tail an
order of magnitude lower in density, but extending to several
tens of eV.16,17 Such an energetic plasma has the effect of
increasing the impact energy between the ions and the sub-
strate, contributing to the nanostructural formation of the

oriented planes by inducing sufficient compressive stress in
the film.

Impact of c-BN nanocrystals on the vertically oriented
BN growth

When the power density is increased beyond ∼200 W cm−2,
with a temperature of 500 °C and a bias voltage of −200 V, the
growth condition is more favourable for the formation of c-BN
and the presence of c-BN nanocrystals of ∼5 nm in the film
was observed, embedded in a mixture of turbostratic and
amorphous phases (Fig. 5).

The cubic nanocrystals disrupt the formation of any vertical
ordering structure by introducing directional seeds along the
(111) direction, enabling the epitaxial growth of (001) sp2

planes in all directions. By preventing c-BN formation, the sp2

layers formed by the high ion energies simply follow the direc-
tion minimizing the Gibbs free energy, which is driven by the
biaxial compressive stress across the substrate. Ultimately, the
t-BN phase can be seen as a defective ordered h-BN phase
where its linear vertical growth is disrupted by c-BN nanocrys-
tal formation.

We confirm the presence of c-BN and h-BN nanocrystals
through an XRD 2θ detector scan at a fixed ω = 3.71°, as seen
in Fig. 6. Diffraction peaks corresponding to c-BN [111] and
h-BN [101] are detected. The peaks are fitted with two Gaus-
sian curves and we obtain a rough estimation of grain size of
the order of ≈10 nm, in agreement with the TEM images.
More discussions of our XRD scans are presented in the ESI.†

Fig. 4 Curve plotted from the stress curve formula given by McKenzie
et al. showing the compressive stress depending on the ion energy for
carbon. Assuming a similar curve distribution for boron nitride, the
current results are located at the high ion energy portion as shown in
the inset, displaying the computed compressive stress for ordered h-BN
films grown at room temperature.

Fig. 5 HRTEM of a BN film deposited with a bias of −200 V at 600 °C
and a HiPIMS maximum power density of 200 W cm−2. The film is highly
disordered, with c-BN nanocrystals of ∼5 nm, embedded in a matrix of
turbostratic sp2 BN made of hexagonal and/or rhombohedral structures.
(a) is the FFT of the whole image, displaying the characteristic rings for
turbostratic BN: the inner (0.36 nm per cycle) and outer (0.21 nm per
cycle) rings are induced respectively by the random orientation of the
h-BN (0002) and c-BN (111) configurations. (b) and (c) are respectively
the FFT of the green (top) zone containing c-BN and the blue (bottom)
zone made of h-BN/r-BN. More HRTEM images displaying c-BN nano-
crystals can be found in the ESI.†
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Lanthanum presence in the film

As the films were produced using an LaB6 target, it is impor-
tant to quantify the content of La in the film. The EELS
spectra in Fig. 7a–c are typical responses respectively from

boron, nitrogen and lanthanum. The boron response exhibits
a higher π* electron transition response relative to the σ* one,
indicating a full sp2 hybridization. The EELS measurement in
Fig. 7d shows a constant B : N : La ratio (0.4 : 0.5 : 0.1),
measured from the top of the BN film to the bottom (sub-
strate), as indicated in Fig. 7e. The nitrogen ratio remains at
around 50 at% which is slightly higher than that of boron (∼42
at%), giving a B : N ratio of 1.15. The La content is stable
between 5 and 10 at% and no aggregates of La could be
observed in HRTEM images or via EELS mapping, indicating
an even spread across the whole film. The extra La atoms
in the structure could be accounted for by the occupation
of some B vacancies in the film as the ratio between N and
La + B is 1.

The film resistivity was measured using a 4-point probe
system but no accurate results could be obtained. This is due
to the film resistance being comparable to the instrument’s
input impedance of 1016 Ω cm, which is of the same order of
magnitude as a pure BN film. This observation suggests that
the film remains insulative, as per a pure BN film, despite the
presence of La. Also, the ratio of La : B measured in the film
(1 in 12, i.e. ∼8 at% as per the EELS measurements) is also found
to be different from the target (1 in 6). The change in stoichio-
metry from the target to the film is due to the difference in
ionization energy between B and La, leading to a higher
content of boron as the peak power increases. This has been
shown to be directly correlated to the nominal peak power
density.16 Indeed, an increase of peak power density would

Fig. 6 2θ scan of the c-BN/t-BN sample with ω fixed at 3.712°. Two
Gaussian curves are used to fit the graph, which is contributed by c-BN
(111) and h-BN (101) respectively. The fixed ω is determined by rocking
curve scan on the c-BN/t-BN sample at various phi angles to detect the
(111) plane of c-BN at the 2θ of 43.314°. A weak peak is detected at the ω

of 3.712° for the rocking curve scan.

Fig. 7 Measurement of the relative atomic % composition of the film using EELS. (a), (b) and (c) Respectively show the EELS spectra of B, N and La.
(d) Computed atomic concentration of boron (blue), nitrogen (red) and lanthanum (green). The ratio of B and N indicates a BN film stoichiometry of
1.15. The lanthanum content is constant at around 7.5 at%. The measurement is made along the whole film as shown in (e).
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further increase the B : La ratio of the film. However, we also
noted the start of c-BN nucleation as the peak power density
reaches 150 W cm−2. This phenomenon disrupts the film
structure and will be explained later.

Thermal conductivity improvement with vertical orientation
structure

We measured the thermal conductivity of two BN thin films
deposited by HiPIMS using the LaB6 target. The first sample is
an ordered h-BN nanocrystalline film, and the TEM image of
the sample is shown in Fig. 1. The second sample is a ran-
domly oriented BN nanocrystalline film with a mixture of c-BN
and t-BN phases. The TEM image of the second sample is
shown in Fig. 5 and the composition is estimated to be 20%
cubic and 80% turbostratic phases, estimated from the FTIR
spectrum in Fig. 2. Both samples have a thickness of around
400 nm.

We measured the thermal conductivity of both samples by
TDTR. We found that the cross-plane thermal conductivity
(along the c-axis) of the ordered h-BN thin film is 5.1 W m−1

K−1 at room temperature, while the thermal conductivity of the
random turbostratic/cubic BN sample is 1.7 W m−1 K−1. We
note that the thermal conductivity of the ordered h-BN sample
is ∼80 times smaller than the thermal conductivity of bulk BN
along the [0001] direction of 390 W m−1 K−1.32,33 Considering
that the grain size of the sample is ∼10 nm in the [0001] direc-
tion as estimated from the TEM image and XRD scans, this
reduction in the thermal conductivity is comparable to the
reduction observed in Si nanotubes of similar thicknesses.34

We thus attribute the reduction in the thermal conductivity of
the ordered h-BN sample mainly to the additional scattering of
phonons by grain boundaries. As for the random t-BN/c-BN
sample, the thermal conductivity approaches the minimum
thermal conductivity35 of amorphous materials, suggesting
that the sample is highly defective.

Table 1 summarizes the thermal conductivity of the
ordered and random BN and carbon thin films. The ordered
h-BN thin film has a considerably high thermal conductivity,
comparable to that of nanocrystalline graphite grown at
300 °C3 and four times higher than the thermal conductivity
of amorphous SiO2. This favourable thermal conductivity is
useful for heat dissipation from active regions of electronic
devices if ordered h-BN is used to replace SiO2 as the gate
dielectrics.

Conclusion

Vertically oriented BN films were successfully grown and
their structure was characterized. The film was obtained
using a new growth process based on HiPIMS with a lantha-
num hexaboride target and nitrogen gas, and would struc-
ture itself with vertical orientation when the peak power
density is between 20 and 100 W cm−2. This new BN
growth method is capable of producing large area BN thin
films stoichiometrically balanced with a low lanthanum
content (∼7.5 at%), yielding excellent interface with the sub-
strate and a growth rate in excess of 10 nm min−1. The
surface roughness of the film was below 1 nm (RMS), which
makes it functional for electronic applications and the intro-
duction of lanthanum into the film does not change the
insulative properties of the material. In addition, the effect
of preferential vertical ordering on the thermal conductivity
of BN films was studied. Unlike any other high thermally
conductive dielectric materials such as diamond and c-BN,37

the new h-BN film reported here can be deposited in a
room temperature environment. The recurrent heat dissipa-
tion issue which affects the performance of electronic
devices38,39 could be addressed by using vertically ordered
h-BN. For instance, it could be an alternative to SiO2 in
high power electronics (i.e. GaN based HEMT on h-BN40)
where the dielectric layer is always the thermal bottleneck
due to its poor thermal conductivity.41,42 The advantage of
employing vertically ordered h-BN in power electronics as a
dielectric layer enables the extraction of heat from hot spots
directly through the dielectric layer and minimize the heat
from spreading in the lateral directions that would heat up
the neighbouring components.
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Table 1 Thermal conductivity of various amorphous materials such as BN, as well as textured carbon which is similar in structure to ordered h-BN

Material
Thermal conductivity
at 300 K (W m−1 K−1)

Resistivity
(Ω cm) Growth parameters

Random tr-BN/c-BN 1.7a — HiPIMS, 500 °C, a few hundred nm thick
Ordered h-BN (along the c-axis) 5.1a ∼1016 a HiPIMS, <50 °C, 400 nm thick
Textured carbon (along the c-axis – deposited at 300 °C)2 5.32 3 ∼10 FCVA, 300 °C, max. thickness <500 nm
Textured carbon (along the c-axis – deposited at 400 °C)2 16.72 3 ∼10 FCVA, 400 °C, max. thickness <500 nm
SiO2 for electronic devices 1.27 36 1016 Dry/wet oxidation, 600–1200 °C

aMeasured in this work.
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