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ABSTRACT: Submicrometer-thick layers of hexagonal boron
nitride (hBN) exhibit high in-plane thermal conductivity and
useful optical properties, and serve as dielectric encapsulation
layers with low electrostatic inhomogeneity for graphene devices.
Despite the promising applications of hBN as a heat spreader, the
thickness dependence of its cross-plane thermal conductivity is not
known, and the cross-plane phonon mean free paths (MFPs) have
not been measured. We measure the cross-plane thermal
conductivity of hBN flakes exfoliated from bulk crystals. We find
that submicrometer thick flakes exhibit thermal conductivities up
to 8.1 ± 0.5 W m−1 K−1 at 295 K, which exceeds previously
reported bulk values by more than 60%. Surprisingly, the average
phonon mean free path is found to be several hundred nanometers at room temperature, a factor of 5 larger than previous
predictions. When planar twist interfaces are introduced into the crystal by mechanically stacking multiple thin flakes, the cross-plane
thermal conductivity of the stack is found to be a factor of 7 below that of individual flakes with similar total thickness, thus
providing strong evidence that phonon scattering at twist boundaries limits the maximum phonon MFPs. These results have
important implications for hBN integration in nanoelectronics and improve our understanding of thermal transport in two-
dimensional materials.
KEYWORDS: phonon, mean free path, hBN, cross-plane, thermal conductivity, twist interface

■ INTRODUCTION
Effectively dissipating heat away from hotpots caused by high-
power or densely packed electronic structures is an outstanding
thermal management problem. Heat-spreading films must
exhibit high thermal conductivity and good dielectric
characteristics, and form smooth clean interfaces with heat-
emitting structures to reduce hotspot temperatures. Hexagonal
boron nitride (hBN), a wide-bandgap dielectric two-dimen-
sional (2D) material, has drawn significant research interest for
its high in-plane thermal conductivity,1−3 its use as a charge-
trap free encapsulation material for graphene electronics,4,5 and
its optical characteristics.6 Films of hBN can be mechanically
cleaved from bulk crystals and transferred with atomically
smooth and clean interfaces. Such transferred films have
demonstrated significant heat-spreading capability in LED
devices and graphene electronics.7,8 The clean and conformal
nature of these flexible hBN films has distinct advantages over
materials such as diamond or SiC, which require thermally
resistive interface layers to bond to other materials and suffer
from growth defects near the interface layer.9,10

The rate at which a hotspot can be cooled is determined by
the strength of the three-dimensional heat flow through a
surrounding heat-spreading film. Many 2D materials have a

high degree of anisotropy in their thermal conductivities. While
they exhibit some of the highest known conductivities along
their in-plane directions, they often have relatively small cross-
plane thermal conductivities. The high in-plane thermal
conductivities make these materials excellent candidates for
heat-spreading in nanoelectronics,11,12 and the anisotropic
thermal transport properties have found applications in
thermoelectrics and thermal isolation of temperature-sensitive
components.13−16 The thermal conductivities of most bulk 2D
crystals are well-known; however, at submicrometer length
scales, the thermal conductivity of 2D materials can exhibit a
strong thickness dependence. Once the thickness of a film is
less than the average phonon mean free path, the thermal
conductivity begins to decrease. It is therefore necessary to
know the mean free paths (MFPs) of the phonons responsible
for heat transport to form an accurate model of thermal
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conductivity in the submicrometer regime.17 Recently, the
phonon MFP spectra of graphite and MoS2 were measured,
and the phonon MFPs were found to be hundreds of
nanometers at room temperature, far exceeding kinetic-theory
estimates.18,19 It is currently not known whether other two-
dimensional materials also exhibit these long phonon MFPs
and to what degree scattering mechanisms such as grain
boundaries limit the maximum phonon MFPs.
For bulk hBN (>10 μm thick), the cross-plane thermal

conductivity has been measured to be ∼2−5 W m−1 K−1,3,20,21

and the average cross-plane phonon MFP has been predicted
from first-principles calculations to be ∼18 nm at 300 K.21

This prediction is an order of magnitude lower than the
average MFPs measured in graphite and MoS2 and has not
been verified experimentally. An empirical estimate of the
average cross-plane phonon mean free path, Λavg, can be
calculated from kinetic theory using κbulk = (1/3)CvgΛavg,
where κbulk is the bulk cross-plane thermal conductivity, C is
the heat capacity, and vg is the average group velocity of the
cross-plane acoustic phonon modes. When we use κ = 2−5 W
m−1 K−1, C = 1.8 J cm−3 K−1,20 and vg = 3800 m s−1,21 this
results in an average MFP estimate of 0.9−2.2 nm, an order of
magnitude below predictions.
In this Article, we report cross-plane thermal-conductivity

measurements of submicrometer-thick exfoliated hBN flakes as
a function of thickness and temperature. The cross-plane
thermal conductivity of a 585 nm thick flake is measured to be
60% larger than the highest conductivity of bulk hBN reported
in the literature. The thin flakes and high-quality samples
enable measurements of the physics governing short and long-
mean-free-path phonons. We find that the flake thermal
conductivity exhibits a strong thickness dependence, decreas-
ing by a factor of 40 from 8.1 ± 0.5 W m−1 K−1 for a 585 nm
thick flake to 0.20 ± 0.06 W m−1 K−1 for a 7 nm thick flake.
Fits to the data indicate that the majority of the heat is carried
by phonons with mean free paths >100 nm. This value far
exceeds the MFPs estimated from kinetic theory, which
predicts MFPs of only a few nanometers, as well as the
prediction from first-principles calculations that ∼80% of the
heat is carried by phonons with MFPs between 3−90 nm.3 We
further demonstrate that stacking faults can drastically reduce
the cross-plane thermal conductivity of hBN by mechanically
stacking five ∼15 nm exfoliated flakes. The stacked structure is

found to have a cross-plane thermal conductivity a factor of 7
below that of individual flakes with the same total thickness as
the stack. This result suggests that variations in the densities of
stacking faults in bulk samples could explain the differences in
reported hBN bulk thermal conductivities and the high
conductivity reported here.
Taken together, the long MFPs and strong interface

scattering we report have two important implications. First,
the long phonon MFPs in hBN impact its use in heat-
spreading applications in nanoelectronics, because the cross-
plane thermal conductivity of hBN will decrease dramatically
as the film thickness is reduced below the phonon MFPs. Heat
dissipation from hotspots in electronics flows both in-plane
and cross-plane through a heat-spreading film. It is often
desirable to make heat-spreading films as thin as possible so as
to maximize their cross-plane thermal conductance. Our results
demonstrate that the cross-plane thermal conductance of hBN
does not significantly increase for films <300 nm thick. Second,
these results demonstrate that two-dimensional materials are a
promising model system for studying coherent phonon
transport behavior, because heterostructures of dissimilar
materials with layer thicknesses far below the typical phonon
MFPs can be fabricated with smooth and pristine interfaces by
stacking different exfoliated flakes at arbitrary angles.
The thermal conductivity of hBN, κ (units of W m−1 K−1),

as a function of thickness, d, can be expressed as

=
×

d d
R d A

( )
( )therm (1)

where Rtherm(d) (units of m2 K GW−1) is the total cross-plane
thermal resistance and A is the surface area of a hBN flake of
thickness d. We measure Rtherm(d) using a differential three-
omega measurement where the temperature of a reference
heating wire on the bare sample substrate is subtracted from
the temperature rise of a heating wire on an hBN flake, as seen
in Figure 1b.22−27 This temperature difference can be
converted to a measure of thermal resistance, Rtherm, from
which the thermal conductivity can be calculated using eq 1.
For this technique, a metal four-probe wire is fabricated across
the film of interest and is then used as both a heater and a
thermometer. Figure 1a shows an optical image of a heating
wire on an hBN flake. The heating wires are 2 μm wide, the
distance between the voltage probes is 20 μm, and the voltage

Figure 1. (a) An optical image of a four-probe heating wire fabricated across an AlOx-encapsulated hBN flake that has been exfoliated from a bulk
crystal and mechanically transferred to a SiO2/Si substrate. (b) A cross-sectional schematic diagram of a reference heating wire on the AlOx covered
SiO2 substrate and a second wire on a hBN sample. The encapsulating AlOx layer and underlying hBN are etched into a mesa as shown using
BCl3Ar and SF6 plasma etches, respectively. During a measurement, the heat from the wire flows cross-plane through the hBN and dissipates into
the substrate. (c) The measured cross-plane thermal conductivity of a 585 nm thick hBN flake as a function of temperature. The cross-plane
thermal conductivity of bulk hBN crystals (>10 μm thick) is shown as “■” and “◇” for comparison.20,21
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probe widths are 300 nm where they make contact with the
heating wire. Bond pads are fabricated >400 μm away from the
section of wire between the voltage probes to prevent heat
dissipating out through the wire bonds from affecting the
experiment.
The hBN flakes are exfoliated in a glovebox with nitrogen

atmosphere and transferred onto SiO2/Si substrates. The flakes
are vacuum annealed under an Ar/H2 flow at 350 °C for 1 h.
An atomic force microscope is used to measure the flake
thicknesses and surface roughnesses. The flakes are encapsu-
lated in a 20 nm thick layer of AlOx deposited by atomic-layer
deposition to protect the interface between the flake and
substrate from solvent contamination during processing. Metal
four-probe heater/thermometer wires are fabricated on the
sample surface using electron-beam lithography. The Au wires
are 65 nm thick with a 5 nm Ti adhesion layer. Small metal
interconnects are patterned on the edges of flakes with
thicknesses >60 nm to connect the wires over the large jumps
in the surface topography. To ensure that the heat flowing out
of the wire through the hBN flakes is entirely cross-plane, the
hBN flakes are etched into mesas, as shown in Figure 1b, using
first a BCl3Ar plasma etch to remove the AlOx layer, and then a
SF6 plasma etch to remove the hBN.

■ RESULTS AND DISCUSSION
Figure 1c shows a comparison of the cross-plane thermal
conductivity as a function of temperature of the thickest flake
measured here (585 nm) to that of bulk hBN samples (>10
μm thick) by others.20,21 The thick flake exhibits a larger
thermal conductivity than previous bulk measurements across
the entire temperature range of ∼200−400 K. Additionally, the
thermal conductivity increases by a factor of ∼2 between room
temperature and 200 K, similar to that of other materials
known to have large phonon mean free paths, such as Si.28 The
temperature dependence of hBN reported here is more
pronounced than previous studies of graphite where phonon
scattering at stacking faults limited the thermal conductivity at
low temperatures.18 In Figure 2a we report the measured cross-
plane thermal resistance of the hBN flakes as a function of flake
thickness at 295 K, and the calculated thermal conductivity
using eq 1 is shown in Figure 2b. Additional temperature-
dependent thermal conductivity data can be found in the
Supporting Information.
We observe that the thermal conductivity more than doubles

as the flake thickness increases from 200 to 585 nm, indicating
that phonons with MFPs of several hundred nanometers make
significant contributions to the thermal conductivity of the
thicker flakes. Moreover, the thermal conductivity appears to
be gradually saturating with increasing thickness, consistent
with similar trends seen in graphite.18 For the thickest flakes
that we measure, the thermal conductivities exceed previously
measured bulk values, which are shown in Figure 2b as shaded
orange, green, and red squares.3,20,21 We note that the thermal
conductivity of hBN is known to vary significantly with crystal
defect density and that hBN samples with the lowest previously
measured cross-plane thermal conductivity (∼2 W m−1 K−1)
were found to have an average crystallite size in the cross-plane
direction of ∼10 nm.20 The hBN crystals studied in this work
are expected to have millimeter-scale grain sizes.4,29 In Figure
1a we observe flat regions of uniform thickness >50 μm across.
For an infinitely thick film, the differential mean free path

contribution function f(Λ) describes the fractional contribu-
tion of phonons with mean free path Λ to the thermal

conductivity.30 The contributions from phonons with long
mean free paths are suppressed in a film of finite thickness. The
suppression of phonon contributions to thermal conductivity
for the sample geometry considered here is described by the
suppression function:

=S K K( ) 1 (1 e )n n
K1/ n (2)

where the Knudsen number Kn is defined as Kn = Λ/L and L is
the film thickness.18 The thermal conductivity of a thin film as
a function of film thickness κ(L) is a convolution of f(Λ) and
S(Kn) over all phonon mean free paths:

=L S K f( ) ( ) ( ) dn
0 (3)

We find the differential mean free path contribution
functions that best fit our thermal conductivity data at 295 K
using a convex optimization procedure and a Gaussian
quadrature discretization of the integral in eq 3.30 Additional
information about the fitting procedure is available in the
Supporting Information. Although the thermal conductivity
appears to be rolling off at large thicknesses in Figure 2b, we do
not know the saturation thickness for hBN or the bulk thermal

Figure 2. (a) The measured cross-plane thermal resistance of the
hBN flakes multiplied by the surface area of the heating wire as a
function of flake thickness at 295 K (blue points). The phonon mean
free path contribution fits to the data assuming that the thermal
conductivity eventually saturates to either 8 or 16 W m−1 K−1 are
shown as black and purple lines, respectively. (b) The hBN flake
cross-plane thermal conductivity at 295 K (blue points) calculated
from the data shown in (a). Shaded regions indicate the thermal
conductivity of bulk (>10 μm) hBN measured by others.3,20,21 The
black and purple lines show the phonon mean free path contribution
fits. The dashed lines indicate the likely trend in the thermal
conductivity when extrapolated to larger thicknesses. (c) The
differential phonon mean free path functions that best fit the data
shown in (a) assuming two different values for the bulk thermal
conductivity κbulk. The inset shows the corresponding thermal
conductivity accumulation functions. (d) The suppression of
contributions to thermal conductivity (eq 2) of phonons with long
mean free paths for films of three different thicknesses.
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conductivity of an infinitely thick flake. We therefore provide,
in Figure 2b, the mean-free-path fits to the data assuming a
bulk conductivity of either 8 or 16 W m−1 K−1, which both can
provide good fits to our measurements depending on the
assumed phonon MFP distribution. The accompanying best-fit
phonon mean-free-path contribution functions are shown in
Figure 2c. In both fits, we find that phonons with mean free
paths >100 nm are responsible for the majority of the thermal
transport. The thermal conductivities as a function of thickness
calculated from the fits are shown as lines in Figure 2b. We find
that all of the fits are in close agreement for thicknesses <200
nm and begin to diverge at larger thicknesses.
The measured thermal resistance of the hBN likely includes

some small contributions from the interfacial thermal
resistances (ITRs) between the hBN and surrounding
materials.18,19 The thermal conductivity reported in Figure 2
therefore represents a conservative lower bound. We account
for possible ITR contributions by expressing the measured
total thermal resistance, Rtherm(d), as

= +R d R d R( ) ( )therm hBN ITR (4)

where RhBN(d) is the thermal-resistance contribution of
phonon scattering within the hBN layer and RITR is the
interfacial-thermal-resistance contribution given by

= +R ITR ITR ITRITR (Al O /hBN) (hBN/SiO ) (Al O /SiO )x x2 2 2 2

(5)

Here, ITR(Al O /hBN)x2
and ITR(hBN/SiO )2

are the interfacial
thermal resistances on the top and bottom surfaces of the hBN
flake, respectively, and ITR(Al O /SiO )x2 2

is the interfacial thermal
resistance between the two oxide layers under the reference
heater. To our knowledge, there are no published measure-
ments of these interfacial thermal resistances. Furthermore, the
ITRs are dependent on the microscopic conditions of the
interface and will vary from sample to sample.
While we cannot directly measure these interface resistances,

we can leverage the fact that interfacial thermal resistances do
not vary significantly with temperature,31 whereas the thermal
resistance of the hBN decreases with temperature.21 We set an
upper bound on the interface resistances in our data by
assuming that at low temperatures the hBN thermal resistance
is negligible, RhBN = 0, and therefore all thermal resistance we
measure arises purely from interface scattering. The lowest-
temperature data we report are at 198 K, seen in Figure 3a as
red points. The measured thermal resistance at 198 K is
subtracted from the resistance measured at 295 K, which
produces the trend show in Figure 3b (orange points). In
Figure 3c we show the thermal conductivities as a function of
thickness calculated using eq 1 (orange points) and fit the data
with differential mean-free-path contribution functions, assum-
ing the bulk conductivity is either 8, 16, or 32 W m−1 K−2

(solid lines). The conductivities calculated without considering
the ITRs are shown as blue points for comparison. It is clear
that removing the ITR contribution increases the calculated
thermal conductivity and that the data are now only well
described by the fits using the higher bulk thermal
conductivities of 16 or 32 W m−1 K−2 (purple and blue
lines). The average phonon mean free paths from these fits are
87 and 343 nm, respectively. In summary, this interface
analysis raises the expected bulk thermal conductivity of hBN
and does not significantly reduce the extracted phonon mean
free paths.

Phonon grain boundary scattering at stacking faults (planar
twist interfaces) has been proposed as a limiting factor for the
maximum possible phonon MFPs in two-dimensional materi-
als. Studies of graphite correlated the maximum observed
phonon MFPs with the average spacing between twist grain
boundaries found in cross-sectional TEM images.18 This
hypothesis is further supported by studies of WSe2 crystals
grown with random rotational mismatches between each
successive layer that found that twist interfaces reduced the
cross-plane thermal conductivity by a factor of 30 below that of
single-crystal samples.32 Molecular-dynamics simulations of
twist interfaces of both graphite and hBN have also shown that
such grain boundaries can significantly reduce the cross-plane
thermal conductivity.33

To investigate the effects of grain boundary scattering in
hBN, we introduce twist interfaces into a hBN crystal by
mechanically stacking five exfoliated hBN flakes. The total
stack thickness is measured with an atomic force microscope to
be 74 ± 2 nm, and the individual layer thicknesses are
estimated using optical contrast to be (from bottom to top) 26,
19, 11, 10, and 8 nm, respectively. Figure 4a shows a schematic
diagram of the stacked flakes, and Figure 4b shows an optical
image of the heating wire fabricated over the stack before the

Figure 3. (a) The measured cross-plane thermal resistance of the
hBN flakes multiplied by the surface area of the heating wire as a
function of flake thickness at 295 K (blue points) and 198 K (red
points). (b) The cross-plane thermal resistance at 198 K is subtracted
from the resistance at 295 K to remove the interfacial thermal
resistance contribution (ITR). The remaining thermal resistance
(orange points) is due solely to heat conduction in the hBN flake. The
phonon mean free path contribution fits to the data assuming that the
thermal conductivity eventually saturates to either 8, 16, or 32 W m−1

K−1 are shown as black, purple, and blue lines, respectively. (c) The
calculated thermal conductivity of hBN with the ITR contribution
removed (orange points) and without the subtraction (blue points).
The thermal conductivity fits to the ITR removed data points are
shown as solid lines. (d) The differential phonon mean free path
spectra that best fit the orange data points shown in (b) assuming
three different values for the bulk thermal conductivity κbulk. The inset
shows the corresponding thermal conductivity accumulation
functions.
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hBN is etched into a mesa. The residue present between flakes
in such stacked structures has been found to clump up into
large bubbles after annealing.34 The heating wires are
specifically designed on each sample to route around the
bubbles to provide a measurement of only the atomically clean
interface regions. Dark-field optical imaging is used to identify
regions without bubbles or residue, an example image of which
can be found in the Supporting Information.
We measure the cross-plane thermal conductivity of the five-

flake stack and compare the results to the thermal conductivity
of individual flakes of similar thicknesses as a function of
temperature in Figure 4c. We calculate the expected thermal
conductivity of a 74 nm flake to be 2.00 W m−1 K−1 at 295 K
by averaging the values from the fits at that thickness in Figure
2b. By comparison, we measure the thermal conductivity of the
five-flake stack to be 0.26 ± 0.01 W m−1 K−1, more than a
factor of 7 below this estimate and equivalent to that of a single
∼9 nm flake. This indicates that strong phonon scattering at
the twist interfaces has drastically reduced the phonon MFPs,
thereby reducing the thermal conductivity. Furthermore, the
thermal conductivity of the stack does not increase at lower
temperatures, suggesting that the thermal conductivity is
dominated by interface scattering.

■ CONCLUSION
Our results show that the cross-plane thermal conductivity of
hBN is higher than previously thought. We measure it to be 8.1
± 0.5 W m−1 K−1, but when interfaces are considered, it can be
as large as 15.6 ± 2.5 W m−1 K−1. Our low-defect-density
samples allow us to measure the thickness dependence of the
thermal conductivity, thereby providing access to the phonon
mean free paths, which we find to be hundreds of nanometers
in length, far exceeding previous predictions. We demonstrate
that the thermal conductivity of thicker films of hBN can be
significantly reduced by stacking multiple thin flakes of hBN
with arbitrary rotational mismatches between each layer. The
ability to stack hBN flakes at controlled angles and potentially
incorporate layers of other two-dimensional materials with
long phonon MFPs, such as graphite and MoS2, presents
interesting opportunities to explore phonon interface scattering
as parameters such as twist angle, layer thickness, and phonon
mode mismatch between layers are varied. The data presented
here have important implications for thermal-management
efforts to incorporate hBN as a heat-spreading material,
providing the necessary information for determining how the

cross-plane thermal conductivity of hBN films will scale with
film thickness.
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Figure 4. (a) A schematic diagram showing a heterostructure consisting of five exfoliated hBN flakes mechanically stacked with arbitrary rotational
mismatches between each flake. (b) An optical image of the heating wire fabricated across the five-flake stack. (c) The measured cross-plane
thermal conductivity as a function of temperature of the five-flake stack shown in (b), which had a total thickness of 74 nm, is shown in red. The
“■” and gray “▲” are the thermal conductivities of individual flakes from Figure 2 with thicknesses of 112 and 48 nm, respectively.
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