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This paper shows a systematic experimental and theoretical study on the temperature dependence of the
infrared optical properties of pyrolytic boron nitride (pBN), from 390 to 1050 °C for wavelengths between
4 and 16 pm. The temperature dependence of these properties has never been analyzed before. The
measured emissivity spectra were fitted to a dielectric function model and an effective medium ap-
proximation. The phonon frequencies and dielectric constants agreed well with room temperature ex-
perimental values from the literature, as well as with ab initio and first principles calculations. In ad-

KeyW"”#" ) dition, the phonon frequencies of the perpendicular mode and the dielectric constants of the parallel
Boron nitride mode showed an appreciable parabolic temperature dependence, which justifies the interest of more
Ej?:if:gge d theoretical efforts in order to explain this behavior. Finally, the results of this work demonstrate that

Optical phonons thermal emission spectroscopy allows obtaining the values of the optical and dielectric parameters of

Dielectric constants
Effective medium approximation

impure ceramic materials in a simple manner as a function of temperature.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Boron nitride shows four polymorphic variants whose special
properties make this compound suitable for a large number of
technological applications [1-4]. The hexagonal form (h-BN) is the
most common phase and the one that shows the most unique
electronic and optical properties. It is a very good electrical in-
sulator, has great chemical stability and oxidation resistance, low
thermal conductivity and can withstand extreme temperature
conditions. Due to these properties, it is widely used in micro-
electronic devices, nuclear energy, X-ray lithography, lubrication,
vacuum technology or high-performance oxidation-resistant
coatings for metals and graphene up to 1100 °C in an oxidizing
atmosphere [5-10]. Recently, the discovery of several new features
has increased its interest. Firstly, the achievement of h-BN nano-
tubes with this simple hexagonal structure [11]. Secondly, its
lasing capacity at a wavelength of 210 nm, which shows great
potential for optoelectronic applications in the ultraviolet range
[12]. Thirdly, its very good optical selectivity (infrared emitter and
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visible reflector) has made it a good candidate for coating heat
shields of solar probes [13]. Finally, the presence of two phonon
bands in the mid-infrared can be exploited to tune its optical
properties by coupling them to plasmon polaritons from graphene
or from a metal grating [14-16].

Hexagonal BN crystallizes in the P63;/mmc space group with
four atoms in the unit cell and with the following irreducible re-
presentation of the phonon modes at the Brillouin zone center:
Lip = Agy(IR) + E;(IR) + 2E(Raman) + 2By (silent). This h-BN poly-
morphic modification consists of sp>-bonded 2D layers [1]. Within
each layer the atoms are bound by strong covalent bonds, whereas
the layers are held together by weak Van der Waals
forces. Since 1950, a continued effort has been made for the
characterization of the physical properties of this compound. In
particular, the optical properties of h-BN were studied by means of
a large number of experimental techniques, mainly for wave-
numbers above 3000 cm ', using single crystals, polycrystals and
thin films deposited on different substrates (see for example re-
ferences in [7]). First principles and ab initio calculations were
made using different theories and approximations in order to
analyze the experimental results. However, infrared and Raman
spectroscopic experimental data that characterize the optical
properties in the mid-infrared range or that allow obtaining the
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energies of the phonons at the /-point of the Brillouin zone are
scarce [17-24]. The same scarcity occurs with respect to the
number of publications that give theoretical values of the di-
electric constants and the frequencies of the /-point phonons
based on ab initio calculations [25-30]. Moreover, some dis-
crepancies may be found among data from the literature, mainly in
the parallel components of the static and high frequency dielectric
constants, but also in some of the IR active phonon frequencies
[17,19-21,24]. These discrepancies are also observed between ex-
perimental and theoretical values [25-30].

In this paper, we report an experimental study on the emis-
sivity spectra of pyrolytic boron nitride (pBN), as well as its optical
constants, /" phonon frequencies and dielectric properties (high-
frequency and static dielectric constants) obtained by thermal
emission spectroscopy. The theoretical interpretation of the ex-
perimental results is carried out by using a four-parameter di-
electric function model as well as a Kramers-Kronig analysis. In
addition to the basic interest of these measurements for the ana-
lysis of the discrepancies indicated above, this material shows
promising properties in the mid-infrared range that make it at-
tractive for many applications. As noted above, pBN may be an
appropriate candidate for the main thermal protection system of
the Solar Probe Plus (NASA) [10,31] or, from a broader viewpoint,
as a high temperature passive thermal controller. Besides, tunable
infrared absorption has also been achieved with a h-BN metama-
terial, and it is known that numerical simulations for these ap-
plications require accurate values of the temperature-dependent
dielectric function [32]. In order to implement these possible
applications, it is necessary to expand the scarce number of pub-
lished data on the temperature dependence of its optical proper-
ties [31,33,34]. The paper also presents the first study on the
temperature dependence of the optical constants, I phonon fre-
quencies and dielectric properties (high-frequency and static di-
electric constants) of pBN samples.

2. Experimental

The pBN sample studied in this paper consisted of a 1 mm thick
square plate of hexagonal BN deposited on a graphite substrate by
pyrolysis of precursor gases at 1800 °C [35]. The route employed
ensures good homogeneity and high purity, since it does not in-
volve binding phases. The composition and microstructure of the
sample were characterized by chemical analysis, X-ray diffraction
(XRD) and scanning electron microscopy (SEM). The X-ray dif-
fractogram (shown in Fig. 1) and the SEM images are in complete
agreement with those of a previous sample [24]. The sample
density was measured to be 2.03 g/cm?, a value 11% lower than the
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Fig. 1. X-ray diffractogram of the sample, taken with Cu-K, radiation.

single-crystal value. The surface roughness parameters, measured
with a conventional profilometer, are R, = 0.90 pm, R, = 1.08 pm,
R, =4.35pm and R, = 5.15 pm.

The emissivity measurements were made with a radiometer
which has been described in the literature [36]. The sample
chamber was purged with dry air in order to avoid CO, and water
absorption. The sample was heated with a CO-, laser (4 = 10.6 pm),
which allows reaching temperatures beyond 1000 °C. The sample
thermal emission was collected with a Fourier transform infrared
spectrometer calibrated by a black-body. The emissivity was then
determined in the whole spectrum by comparison of the sample
and black-body signals through the following formula:
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where FT means Fourier transform; Is, Igg and Igr are the inter-
ferograms recorded for the sample, black-body and room tem-
perature background of the apparatus; Ps, Pgg and Pgr are the
Planck functions calculated at the temperatures of the sample,
black-body and apparatus; and Epg is the emissivity of the black-
body.

The temperature of the sample was determined at the Chris-
tiansen point (Acnis), @ wavelength at which ceramic materials
behave like a black-body (E=1). This point does not depend on
temperature and is thus used as a common non-contact method
for surface temperature measurement in ceramic materials [37]. In
this paper, it was determined by a room-temperature diffuse re-
flectance measurement using an integrating sphere, with a value
of Acpis = 6.0 pm.

3. Results and discussion

The X-ray diffractogram of Fig. 1 confirms the polycrystalline
nature of the material, with no preferential orientation of the
crystallites. It also reveals, together with the results from SEM
microscopy, the presence of a small amount of graphite, which
originates in the deposition process and has been found in similar
samples in the literature [38]. The size of the graphite inclusions
was observed to be smaller than the wavelength range of interest
in this paper, which justifies the choice of the theoretical models
for the interpretation of the data.

The emissivity spectrum of pBN was measured in the 390-
1050 °C temperature range and for wavelengths between 4 and
16 pm. The wavelength range of study was limited by the onset of
transmittance at both extremes, which makes the emissivity of the
material to fall abruptly to 0. The maximum temperature was
chosen to avoid any possible oxidation, while the minimum tem-
perature chosen was the lowest one that ensured an acceptable
signal-to-noise ratio in the selected spectral range. The emissivity
spectra for three temperatures are shown in Fig. 2.

The spectra show two reststrahlen bands at 6-8 and 12-14 pm,
corresponding to the two infrared active phonons of h-BN. These
spectra show a great similarity to those observed by reflectance
measurements at room temperature [17,24] and with the only
emissivity spectrum found in the literature [34]. No experimental
data in the infrared was found for single crystals. However, there
are slight differences between the measured spectrum on poly-
crystalline samples [17] or highly oriented ones (hopBN) [24] with
the measured spectrum in this paper. Group theory predicts that
the observation of each phonon requires a determined direction of
polarization (Euc and FJ_C). This occurs for hopBN samples but
not for pBN, for which, as shown in Fig. 2, both phonons are ob-
served in a near-normal measurement without polarization. This
behavior is associated, as mentioned before, with the presence of
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