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Atomically thin boron nitride (BN) film has attracted increasing attention among two-dimensional
materials for the potential application in electronics devices. The thermal properties of few-layer BN
nanosheets (~2.27 nm) on SiO;/Si substrates have been investigated without and with high-k Al;03
capping layer, using the temperature-dependent and polarized-laser power-dependent Raman spec-
troscopy measurements. Due to the effect of Al,O3 capping layer, Raman spectrum illustrates the blue-
shift of frequency from 1364.9 cm™! to 1367.9cm™, and the first order temperature coefficient for Exg
mode of BN layers increases from —0.02243cm™!/K to —0.06544 cm~'/K. Furthermore, the room-
temperature thermal conductivity of BN with Al,03 capping layer is found to be 332.57 W/mK, which
is much larger than that of BN without Al,03; capping layer (~94.51 W/mK). The enhancement is
attributed to the interface charges and compressive stress at the interface between BN and Al;03 capping
layer, which has been clarified by the first principle calculations. This work is aimed at expanding the
applications of BN materials and improving the performances of BN-based devices in thermal properties.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction excellent electrical conductivity of graphene, BN is equipped with a
wide band gap (~5.9eV) [3,4], referred as an insulator. Subse-

Atomically thin hexagonal boron nitride (hBN) nanosheets, with quently, hBN has been proven to be an ideal gate dielectric or

similar structure to graphene, have attracted increasing attention
among two-dimensional (2D) materials, exerting preferable me-
chanical, thermal, chemical and optical properties [1,2]. BN is
isomorphic to carbon in various kinds of crystalline structures,
including zero-dimensional nanospheres, one-dimensional nano-
tubes, two-dimensional nanosheets and three-dimensional bulk
structures. It consists of boron and nitrogen atoms alternately ar-
ranged in a hexagonal ring via sp? hybridization. In contrast to
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substrate in graphene-based devices or other devices due to its
atomically flat surface, scarceness of dangling-bond, and the close
lattice matching (~1.7%) between BN and graphene [5-9].
Improvement over an order of magnitude in electron transport and
carrier mobility, together with various unique quantum phenom-
ena can be observed in vertical graphene/hBN heterostructure
[10,11]. Besides, the wide direct band gap of monolayer BN brings
potential application of the ultraviolet lasing materials in photo-
detector (wavelength of 210 nm) [2,12,13], as well as, in the capacity
of prototypical infrared-phononic material, hBN ribbons are made
into hyperbolic phonon polaritons (HPhPs) Fabry—Pérot resonators
to detect small amounts of organic molecules [ 14]. Meanwhile, hBN
was also reported as micro/nanoscale thermal management of
high-power devices behind graphene [15,16], which means both of
them can successfully spread heat to reduce the temperature at
hotspot [16]. However, few-layer graphene (FLG) was limited to
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cover the drain and unable to connect to the channel directly,
owing to that its outstanding electrical conductivity may easily
cause breakdown and short-circuit accident, so it is comparably
important to understand the properties and application of BN as a
thermal management component in electrical devices. The room-
temperature thermal conductivity of bulk hBN can reach ~400 W/
mK, as well as, the enhanced in-plane thermal conductivity of
monolayer hBN is theoretically expected to be more than 600 W/
mK, but experimentally measured to be only 100—270 W/mK
[17—19]. The high thermal conductivity makes BN as fillers of
polymeric composites [20] or promising heat-spreading layers in
transistors, which often work at temperature over 100°C. So,
without the process of heat dissipation, the accumulated energy
may deactivate microelectronic devices. Nowadays, with the
decrease in feature sizes in micro/nano-electronic devices, the
density of dissipation power has significantly increased. As a result,
efficient heat conduction occupies an important place as a vital
design characteristic in integrated circuits. In other words, thermal
dissipation is a nonnegligible limiting factor to further device
miniaturization. It is said that Si and some insulators, such as Si3Nyg
and SiOy, used in traditional devices behave unsatisfactory perfor-
mance in nano-scale thermal conductivity. So, research of BN is
encouraged by the potential of thermal management, with a
combination of its lower electrical conductivity and higher thermal
conductivity. Furthermore, this work will also extend the applica-
tion of BN as the thermal management in optoelectronics and
photonics fields and lead the trend for other two-dimensional layer
materials in thermal application.

In this work, we report the thermal conduction properties of
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atomically thin BN nanosheets on SiO»/Si substrates without and
with a ~5 nm Al,03 capping layer. The Raman spectrum illustrates
the blue-shift of frequency for the BN sample with Al,03 capping
layer. Meanwhile, the temperature-dependent Raman spectroscopy
shows the increase of the thermal coefficient, and the polarized-
laser power-dependent Raman spectroscopy shows the improve-
ment of the thermal conductivity. Herein, we demonstrate a proof-
of-concept for those changes and the first principle calculations
have been carried out to explore the phenomena, which reveal that
the interface charges and compressive strain at Al,O3/BN hetero-
junction enhance the thermal conductivity. This thermal property
improvement introduced by the additional oxide will extend the
applications and enhance the performances of BN-related devices
profoundly.

2. Experiment details

The atomically thin BN nanosheets were mechanically exfoli-
ated from monocrystalline BN bulks by scotch tape and then
transferred onto the silicon substrates covered with 300 nm-thick
SiO; layer, as shown in Fig. 1 (a). Later the samples were deposited
with 5 nm-thick Al,O3 capping layer, which was grown using tri-
methylaluminum (TMA1) and H,O as precursors at 300°C by
atomic layer deposition (ALD) method [21]. Atomic force micro-
scopy (AFM) images of the samples were analyzed by a Bruker
Dimension ICON Atomic Force Microscope operating in tapping
mode. In addition, temperature-dependent Raman measurements
ranging from room temperature (300 K) to 500 K were carried out
and 5 min were waited for thermal stabilization at each measured
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Fig. 1. (a) Atomic structure model schematic diagram of few-layer BN on SiO-/Si. (b) Optical microscope image of FLBN and the corresponding height profile shown in the inset. (c)
Raman spectra of BN bulk and few-layer samples before and after mechanical exfoliation, and (d) transmission electron microscopy (TEM) image of FLBN with Al,05 after ALD.
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temperature point. Laser-dependent Raman measurements below
2.5 mW were carried out in case to introduce Raman shifts by local
laser heating. All the Raman studies were carried out with a
confocal micro-Raman spectrometer setup with a solid-state green
laser at 514 nm excitation wavelength.

3. Results and discussion

The atomically thin BN nanosheets mechanically exfoliated from
monocrystalline BN bulks on SiO,(300 nm)/Si substrates were sit-
uated and observed with optical microscope. Fig. 1 (b) shows the
flat transferred-nanosheets with distinct boundary and the height
profile across the edge of the BN sample is in the inset. It seems that
the color contrast between this thinnest area and the SiO5/Si sub-
strates is nearly undetectable by the human eye. Because of the
wide band gap, atomically thin BN nanosheets exhibit little optical
contrast, even if we have used SiO; on Si substrate to enhance the
interference. It is reported that BN layers show a white-light
contrast of <1.5% with 300 nm SiO; [22]. Furthermore, we deter-
mined the regions of the few-layer nanosheets by AFM measure-
ment and the thickness of the thinnest BN layers visible to the
naked eyes is about 2.27 nm. According to the previous research
[23], the sample seems a stack consisted of 4 or 5 layers so that we
define it as few-layer boron nitride (FLBN). It is seldom to obtain
such thin 2D materials via exfoliate method and FLBN can make
most use of the thickness advantage, since its wide indirect band
gap can safely protect itself from breakdown. In fact, for hBN, the
in-plane thermal conductivity is much higher than the out-plane
thermal conductivity so that we consider to fully utilize the ther-
mal property by means of adopting boron nitride in few layers.

Raman spectroscopy is a well-known technique to characterize
the 2D-materials [24—26], for instance of graphene and MoS;
[27,28], for further understanding of the fine structure and prop-
erties, such as the nature of atomic bonds, thermal expansion,
specific heat, and thermal conductivity. However, the Raman
spectrum of BN contains only one peak without 2D band due to the
lack of Kohn anomaly [29], which is limited to explain its properties
like graphene or other 2D-materials, with their crystallinity, di-
mensions, doping and so on. Actually, it is not easy to isolate such
large-scale atomically thin BN layers by micro-mechanical exfoli-
ation of high-quality hBN, for difficulty of detecting Raman signals
originated from FLBN. Fig. 1 (c) contrastively shows the typical
Raman spectra of original bulk and exfoliated thin films of BN both
at room temperature. The single Raman G band of BN bulk, corre-
sponding to the Ep; vibration mode in hBN, is located at
1363.74 cm™ . In contrast with bulk BN, the few-layer BN obviously
shows an upshifted G band reflected in the Raman frequency at
1365.76 cm™ !, due to the stronger in-plane strain and weaker
interaction of layers. The shift direction is in accord with the pre-
vious research [29]. Therefore, it suggests that Raman peak position
of BN is related with thickness of the material, as well as, the blue-
shift of frequency corresponding to thinner sample mainly arises
from strain introduced by the uneven surface of the substrate,
which gives rise to different degrees of corrugation. As shown in
Fig. 1 (d), transmission electron microscope (TEM) image shows
that ~5 nm Al,03 done by ALD is deposited on ~2.27 nm BN nano-
sheets. Fig. 2 shows the Raman spectra of the BN samples without
and with Al,Os layer, and the peaks are clearly observed at
1364.9cm~! and 1367.9cm™), respectively. The blue-shift was
caused by the compression which was introduced by the capped
layer and the changes of bond in lattice structure.

Raman thermography was widely used to represent the thermal
properties of 2D nano-materials, for their high sensitivity of fre-
quency to temperature shift [30,31]. In process of rising tempera-
ture from 300K to 500K, Fig. 3 (a) and (b) show the temperature-
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Fig. 2. Raman spectra of BN samples with and without Al,03 capping layer on SiO,/Si
substrates.

dependent Raman spectra of BN samples without and with Al,03
layer, respectively. Obviously, Raman phonon mode Ep; peaks
exhibit a red-shift with increasing temperature, and form an
approximate linear relation as shown in Fig. 3 (¢) by w = wo-+xTAT
[32], where wg is the Raman mode frequency at room temperature,
xt1 is the first-order temperature coefficient, and AT is the tem-
perature difference with respect to room temperature. The
measured yr value of the pure BN film sample approaches
to —0.02243cm”!/K, similar to previously reported value
(—0.022 + 0.003 cm™'/K) [15], while the corresponding value of BN
sample capped with AlL,O3 layer is about —0.06544 cm™!/K, twice
larger than the former. The shift can be account for the fact that the
thermal expansion of the lattice changes the phonon energy. The
higher slope makes a conclusion that Al,03 capping layer reduces
the thermal stability of pure BN, which accords with their thermal
expansion coefficients reported in previous works: —2.9 x 1076 K'!
for BN as well as 7.85 x 10" 6K! for ALO3 [33]. In general, the
observed softening of the Raman mode with temperature origins
from an anharmonicity, which is related to the anharmonic po-
tential constant, the phonon occupation as well as the thermal
expansion of the crystal [26]. However, the Raman shift method is
also used to measure the thermal properties of suspended as well
as substrate-supported/capping layer effects on nano-materials
such as thin-films, nanoparticles, and individual CNTs [34—36].

In order to calculate the thermal conductivity, laser power-
dependent Raman spectroscopy has been carried out for both
samples in non-uniform range up to Py. We use a confocal Raman
microprobe equipped with a 514 nm laser for excitation and the
maximum laser power Py was set as 2.5 mW measured at the exit of
the microscope lens, in case to reduce the temperature change
influences. It can be reduced to lower powers to avoid smashing up
the thin BN layers and those are 0.5Pg, 0.1Pg, and 0.05Pg, respec-
tively, using an optical attenuator. Fig. 4 (a) and (b) display the
room-temperature frequency information of the power-dependent
Raman spectra of BN samples without and with Al,O3 capping
layer, respectively, at several laser power points. Evidently, similar
to the temperature-dependent Raman spectra above, Raman
phonon mode Ejg peaks exhibit a red-shift with increasing laser
power, and as shown in Fig. 4 (c), it is fitted by a linear equation
Aw = xpAP, where yp is the first-order power coefficient and AP is
the power difference value. The fitted slope xp related frequency
with laser power of BN sample roughly equals to —2.09774 cm™!/
mW, which is larger than the corresponding value (—1.84962 cm™!/
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Fig. 3. Temperature-dependent Raman spectra of (a) BN and (b) Al,03/BN samples on SiO,/Si substrates in the range of 300—-500K, and (c) E;; mode Raman peak position shift as a

function of temperature including linear fits.

mW) of BN/Al,O3 sample. In power-dependent Raman experi-
ments, the laser power will not be completely absorbed by BN
sample, part of that reflected at air-BN, air-oxide(Al,03), and BN-
oxide(Al,03) interfaces. So, a laser reduction factor f should be
considered as f=(1-R)[1-exp(-at)], where R is reflectance calculated
by R=[(n-n2)/(ni+n2)]? « is absorption coefficient, and t is
thickness of film. Using refractive index na=1, ngn=2.20 [22],
Noxide = 1.77, reflectance can be calculated as Rajrgn = 14.06%, Rair/
oxide = 7.73%, ReNjoxide = 1.17%. Then, taking agn =7 x 10°cm~! and
t=2.27 nm into account [13], we can obtain the laser reduction
factors of BN samples without and with Al,O3 layer are equal to
0.126 and 0.134, respectively. The thermal conductivity k formula,
initially used for single layer graphene (SLG), was expressed as
k=(1/2mt)(AP/AT) [37], where AP and AT are the power and tem-
perature difference values, respectively, and t is thickness of film. In
this work, according to Aw = ytAT, the thermal conductivity for-
mula can be adapted as k=f(1/2wt)(xt/xp), where f is the laser
reduction factor, yt and yp are the first-order temperature and
power coefficients, respectively, as well as t is the thickness of film.
Taking the related values calculated above into the equation, we can
obtain that the thermal conductivity of BN without Al,Os3 layer is
about 94.51 W/mK. The result is similar to that of CVD-BN reported
(100 £ 10 W/mK) [19], but lower than values of suspended BN

nanosheets reported (222.3—250 W/mK) [15,18,38,39], due to the
existence of interlayer (between sample and substrate) phonon
scattering. Whereas, the thermal conductivity of BN with Al,03
layer has enhanced up to 332.57 W/mK, much larger than the
former, which demonstrates that the Al,03 layer capped onto BN
film profoundly improves thermal transport of materials. The
enhancement of thermal conduction ability may put down to the
interface charges existed at BN-Al,O3 interface, which give rise to
the electron-phonon interactions. Besides, it also can be attributed
to the compressive stress given by Al,O3 capping layer for the
different thermal expansion coefficients, which changes the lattice
structure and parameters. However, the intrinsic vibration prop-
erties of BN films weakly bonded to the SiO,/Si substrates can be
modulated by the substrate owing to the different thermal
expansion coefficients between them. Thus, the temperature-
dependent Raman spectroscopy of the samples in this work was
less susceptible to the substrate effect, implying that the improved
thermal coefficients of the BN films in Al,03/BN/SiO2/Si mainly
results from the Al,03 capping layer rather than other environment
factors. On the other hand, it is the observation that the thermal
conductivity is negligible in c-axis direction of FLBN compared to
the in-plane value. Although the Al,03 capping layer is thicker than
previous BN nanosheets, we can rule out the possibility that the
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function of power.

heat of Raman laser spot is mainly dissipated in out-plane direction
through Al,0s. This is due to the interlayer coupling in few-layer
BN, which results in the breaking of the phonon scattering selec-
tion rule in monolayer BN, thus reducing the relevant thermal
conductivity values. The values converge to that of bulk hBN when
the layer thickness approaches to 5 layers or more. In other words,
monolayer or bilayers BN behave unexpected variation in peak
position, but the phonon barely exists for FLBN thicker than 5 layers
[22,38].

It is well known that the electrons give the main contribution to
the thermal conductivity of strongly degenerate matter. From the
Wiedemann—Franz law, the thermal conductivity can be written as
[40]

ke = T2 TK3n,/3mve, (1)

where T is the temperature, kg is the Boltzmann constant, ne is the
number density of electrons, m;, is the effective mass of electron
and ve is the total effective electron collision frequency. The Cam-
bridge Sequential Total Energy Package (CASTEP) based on density-
functional theory (DFT) was used to simulate the influence of
compressive strain given on band structure of BN film for electronic

study [41]. We treat the ion-electron interactions via the general-
ized gradient approximation for the exchange and correlation po-
tential by Perdew-Burk-Ernzerhof (PBE) [42], together with the
projector augmented-wave method (PAW) [43]. For the structure
optimization and total energy calculation, the value of plane-wave
cut-off energy was 400 eV and the Brillouin zone was sampled by a
I'-centered k-point mesh generated via the Monkhorst—Pack
method using a 4x4x1 k mesh [44]. As the total energy
changes finally converged to less than 10~%eV/atom during the
optimization, all the atoms are relaxed to their equilibrium posi-
tions. For each one, the force in the crystal is converged to 0.003 eV/
nm, the stress is converged to 0.05 GPa, and the displacement is
converged to 1 x 10~4nm. Fig. 5 (a)~(d) exhibit the calculation
results of band structure with compressive strain from 0% to 3% for
few-layer BN, respectively. It indicates that with the increasing
compressive strain, band structure occurs a great change, quanti-
tatively expressed as the constantly shrinking band gap from
4.31 eV to 4.21 eV. Further analysis shows that the top of valence
band stays in position while the bottom of conduction band turns
lower at the I" point, as shown in Fig. 5 (e). The effective mass of the

charge carrier can be calculated using m* = #?/ (giﬁ), then the
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electron concentration (ne) can be estimated as

kpT %/ 3/4
ne=2<2m2) (memy)”"“exp( — Eg/2kgT), (2)

where kg is Boltzmann constant, T is the temperature, 7 = h/ (2m),
h is Planck constant, m, is mass of electron, my, is mass of hole, and
Eg is band gap. Fig. 5 (f) shows the corresponding measured elec-
tron concentration with increasing compressive strain. As a
consequence of shrinking negative exponential factor Eg, n. is on
the rise, implying that the value of k is also enlarged, in line with
the Raman spectroscopy results.

4. Conclusion

In summary, atomically thin BN film on SiO;/Si substrates has
been prepared by mechanically exfoliation method and capped
with a ~5 nm Al,03 capping layer by ALD to investigate the effects
of the oxide on thermal properties, using the temperature-
dependent and the polarized-laser power-dependent Raman
spectroscopy measurements. As a result, the Raman peak position
of Epg vibration mode exists a blue-shift from 1364.9 cm ! to
13679 cm™!, the first order temperature coefficient is found
increasing from —0.02243 cm™!/K to —0.06544 cm™!/K, as well as
the room-temperature thermal conductivity of BN without and
with Al,Os3 layer is about 94.51 W/mK and 332.57 W/mK, respec-
tively. The enhancement is mainly attributed to electron-phonon
interaction and compressive stress at the interface between BN/
Al,03 heterostructure, which is due to the increasing electron
concentration.
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