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bstract

our grades of hexagonal boron nitride are investigated by terahertz time-domain spectroscopy. The refractive indices and loss coefficients at
erahertz frequencies are measured and are related to aspects of material fabrication and properties.
rown Copyright © 2010 Published by Elsevier Ltd. All rights reserved.
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. Introduction

Boron nitride is a synthetic ceramic with three possible
orphologies analogous to the polymorphs of carbon. Two

exagonal forms exist: one of lower density (2.27 g/cm3) and
isplaying a layered graphite structure (h-BN)1,2; the other of
igher density (3.48 g/cm3) and displaying a wurtzite structure
w-BN).2,3 A diamond-like form with cubic zinc-blende struc-
ure (c-BN) can also be generated under high temperature and
ressure.2,4 For the purposes of this paper, the term ‘BN’ will
efer to the low-density hexagonal form (h-BN).

Hexagonal boron nitride is comprised of (BN)3 rings, with
ery strong intra-layer bonding and weak van der Waals bond-
ng between layers (Fig. 1a).5 This structure enables phonon
onduction within layers, explaining the high thermal conduc-
ivities of both graphite and BN. The similarities end there, as
raphite is a black metallic conductor and BN is white insulator.
hese differences find their origin in the interlayer arrangement
f C atoms in graphite versus B and N atoms in BN. Carbon
toms in adjacent layers of graphite align with one another, and
heir �-orbitals combine in such a way as to form conduction and
alence bands. The interlayer B and N atoms of BN are staggered

n their arrangement, preventing �-orbital overlap (Fig. 1a). As a
esult, electrons in h-BN are localized and electrical conduction
annot occur.

∗ Corresponding author.
E-mail address: mira.naftaly@npl.co.uk (M. Naftaly).
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The unique intra-layer and interlayer bonding structure of BN
s the source of its versatility for a number of diverse applica-
ions. The van der Waals bonding between layers and the strong
ovalent bonding within layers allows adjacent layers to slide
ver one another with low interaction. For this reason, BN pow-
er is an important friction modifier and noise reducer in brake
inings and other friction materials,6 a wear and weld preven-
ion additive for lubricating oils and greases,7 and a lubricious
ensory enhancer in personal care products.8 The strong, intra-
ayer covalent bonding and low surface activity of the basal
lane allow BN powder to be used in non-wetting refractory
oatings for molten metal processing,9 as well as release coat-
ngs for hot metal forging. The electrical insulating character
nd thermal conductivity of BN make it valuable as an addi-
ive in thermal interface greases and pads for cooling electronic
evices.10 Addition of BN powder to matrices, be they metal,
eramic, or polymer, usually results in a weakening of the matrix
t a critical concentration. This aspect of BN is used in ther-
ally sprayed abradable coatings for aircraft engine housings,
here coatings comprised of BN and metals allow turbine blades

o smear the housing coating and maintain a close tolerance
etween the blade tip and the housing, which translates into
mproved engine efficiencies.11 The thermal conductivity and
nert nature of BN powder also improve thermal shock resis-
ance and machinability of metal and ceramic matrices to which

t is added.12

Hot-pressing methods have been developed to achieve nearly
ull-density shapes comprised of BN, as well as BN composites
ith other ceramic materials. A wide variety of applications exist

All rights reserved.
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or these shapes, including high temperature electrical insula-
ors for industrial and semiconductor processes, crucibles and
urniture for molten metals and glass processing, inert setter
lates for ceramic sintering, nozzles for metal powder gener-
tion, and furniture for epitaxial device growth. With such a
iverse array of applications for BN powders and shapes, there
xists a need to quantify many different properties. It is impor-
ant to understand the effect of microstructure and chemistry on
he end use of the material, as well as to control these properties
n the manufacturing process.

A comprehensive list of properties of h-BN is available at2

ttp://www.ioffe.rssi.ru/SVA/NSM/Semicond/BN/basic.html.
lthough h-BN has good transparency in the far-infrared,

here is little published data,1,2,13–15 and no attempt has been
ade to relate far-infrared transmission to aspects of material

roperties.
In this paper we investigate four grades of h-BN using THz

ime-domain spectroscopy. The variations in the refractive index
nd loss are discussed in relation to material fabrication and
tructure. The utility of h-BN as an optical material at THz
requencies is also explored.

. Material fabrication
Due to the low surface energy of the c-plane (Fig. 1a),
N does not self-sinter.16 High-density freestanding shapes are
chievable by hot-pressing submicron, turbostratic BN in the
resence of a binder phase under temperatures approaching

ig. 1. (a) A diagram of the pressing process and sample orientation showing
he sample planes. (b) A schematic representation of the BN crystal structure
howing sample planes in relation to crystal growth.
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000 ◦C and pressures up to 2000 psi. Turbostratic BN is anal-
gous to turbostratic graphite, where adjacent layers are offset
otationally with respect to the c-axis. The selection of binder
hase is dictated by the final application requirements. High
urity grades of hot pressed BN are also available, with the
inder phase leached from the shape after it is generated. The
rades described below – designated as HBN, HBR, HBC and
BT – are manufactured by Momentive Performance Materials

nd are representative of commercially available forms of hot
ressed boron nitride.

.1. Grade HBN

Boric oxide (B2O3) constitutes the binder phase for grade
BN. Boric oxide is a hard and moderate-temperature inorganic
inder, with a nominal melting point of 550 ◦C. The molten
hase is also known to mediate growth and refinement of tur-
ostratic BN. A peculiarity of the hot-pressing of BN is that
ndividual grains or platelets tend to ‘stand up proud’ and align
hemselves along the direction of the pressing axis. In other
ords, there is a strong tendency for the normal to the c-plane

n each platelet to assume a preferential orientation perpendicu-
ar to the pressing axis (Fig. 1b), producing a relatively narrow
istribution of orientations around perfect alignment. This pref-
rential orientation is also reflected in the physical properties
f grade HBN: data must be reported with respect to the press-
ng axis, and orientation must be specified when designing parts
ased on this grade. Upon cooling, the boric oxide phase in the
esulting cylindrical ‘plug’ forms a glassy phase. Due to the low
urface activity of the basal plane in BN, boric oxide is prefer-
ntially segregated at the edges of platelets in the pressed plug.
s boric oxide is known to react readily with moisture to form
oric acid, the HBN grade is used when moisture resistance and
hermal shock are not a concern.

.2. Grade HBC

Some applications require a material of high purity, less likely
o release volatile components. Grade HBC is manufactured by
emoving the boric oxide binder phase from the hot pressed BN
hape. The purity gain is offset by a loss of mechanical strength
nd an increase in porosity. However, the resulting material is
lso more resistant to moisture and thermal shock. Orientation
ffects of the original hot pressed BN material are maintained.

.3. Grade HBT

Grade HBT is an economical high purity material similar to
rade HBC. The binder phase in this material is removed by a
ifferent method from that used to manufacture HBC. Mechan-

cal strength suffers and porosity increases to achieve the cost
enefit. Again, the absence of boric oxide phase makes the mate-
ial more resistant to moisture and thermal shock. Orientation
ffects of the starting hot pressed BN material are maintained.

http://www.ioffe.rssi.ru/SVA/NSM/Semicond/BN/basic.html
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.4. Grade HBR

Grade HBR was developed for applications where higher
echanical strength, higher temperatures, and moisture resis-

ance are important. The binder phase in this material is calcium
orate (Ca3(BO3)2), an inorganic material with a nominal melt-
ng point of 1150 ◦C. Calcium borate is not water-soluble, so

oisture sensitivity is not an issue. The hot-pressing process for
his grade is similar to that for grade HBN, and it displays the
ame orientation effects.

.5. Sample geometry and orientation

Fig. 1a is a schematic representation of the material struc-
ure indicating the sample planes; whilst Fig. 1b is a diagram
f the pressing geometry and sample orientation. As explained
bove, the pressed plug is formed as an array of standing
latelets, which assume a preferential orientation with respect
o the pressing direction such that their c-plane is parallel to
he pressing axis. Each platelet consists of hexagonal crystals
ligned with their ab-plane lying in the plane of the platelet.
aterials having hexagonal crystal structure are expected to be

ptically anisotropic, the resulting birefringence being such that
he extraordinary ray lies in the ab-plane and the ordinary ray is
ligned with the c-axis.

In carrying out transmission measurements, samples were
ositioned so that the linearly polarised THz beam had a near-
ero angle of incidence on the sample face and propagated
hrough the thickness of the sample. In the samples cut perpen-
icular to the pressing axis, the beam travelled along the c-axis,
o that both polarisations lay in the ab-plane. In samples cut par-
llel to the pressing axis, the beam traversed the thickness of the
latelets, so that s-polarisation (electric field perpendicular to
he plane of incidence) lay in the ab-plane while p-polarisation
electric field parallel to the plane of incidence) was parallel
o the c-axis. Therefore perpendicular-cut samples are expected
o be isotropic, while parallel-cut samples are expected to be
irefringent and possibly dichroic.

Table 1 summarises the composition and properties of the
our boron nitride grades. The porosity was calculated from
he measured weight of a given volume of the material and
he known density of crystalline BN (2.18 g/cm3 2), including
inders, if applicable. Any weight deficit was assumed to be
ttributable to porosity.
Sample plates for each grade were fabricated with dimensions
f 30 mm diameter and two thicknesses, 2.5 mm and 5 mm. One
et of samples was cut with their thickness parallel to the pressing
xis, resulting in the face being composed of edges of c-planes.

able 1
roperties of different grades of boron nitride.

HBN HBR HBC HBT

N content >95% >94% >99% >99%
inder B2O3 Ca3(BO3)2 None None
ensity (g/cm3) 2.10 2.00 1.95 1.75
orosity (%) 7 11 13 22
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ig. 2. (a) Time-domain traces of the THz reference pulse and pulses transmitted
hrough HBN perpendicular-cut samples of 2.5 mm and 5 mm thickness. (b) THz
pectra of the same calculated by applying Fast Fourier Transform (FFT).

nother set of samples was cut with their thickness perpendic-
lar to pressing axis, resulting in the face being composed of
-planes.

. Experimental

The THz time-domain spectrometer (TDS) used a standard
onfiguration17 incorporating a femtosecond laser, four off-
xis parabolic mirrors, a biased GaAs emitter, and electro-optic
etection with a ZnTe crystal and balanced photodiodes. The
aximum dynamic range of the system was 5000 in amplitude,

nd the frequency resolution in the experiments was 7.5 GHz.
he samples were placed in the collimated part of the THz beam,
hich had a diameter of 25 mm and was vertically polarised.
easurements were carried out in dry air in order to eliminate
ater absorption lines from the recorded spectra. The ampli-

ude and phase of the THz signal as a function of frequency are
btained from the measured time-domain data of THz electric
eld by applying the Fourier Transform using a standard FFT

pplication (OriginPro 8). Fig. 2a and b shows an example of
ime-domain data and the resultant spectra, respectively. Loss
oefficients (α) and refractive indices (n) of the samples were
easured by comparing THz transmission through two different
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Fig. 3. Time-domain traces of the THz pulses transmitted through the HBN
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ample of 5 mm thickness cut parallel to the pressing axis; papa = aligned parallel
o the THz beam polarisation; pape = aligned perpendicular to the THz beam
olarisation.

hicknesses of the sample material, and were calculated from the
ransmitted spectra by using the equations17:

(ν) = − 2

d1 − d2
ln

[
E2(ν)

E1(ν)

]
(1)

(ν) = 1 + c [φ2(ν) − φ1(ν)]

2πν(d1 − d2)
(2)

here E1,2(ν) and φ1,2(ν) are the amplitude and phase of the THz
eld at the frequency ν, and d1,2 are the sample thicknesses.
oss coefficients α(ν) combine contributions from absorption
nd scattering losses.

The axis directions of the perpendicular-cut samples were
etermined by observing the time-domain trace of the transmit-
ed THz beam. The sample was positioned in the beam, and was
otated so as to obtain a single-peak trace at one of two delay
ositions, as shown in Fig. 3. Particular attention was given
o minimising the residual features of the other trace. This is
ecause the absence of such features signals good alignment of
he THz beam polarisation to the c-axis, either parallel (papa) or
rthogonal (pape). However, as seen in Fig. 3, it was not possible
o eliminate these residues completely, indicating an imperfect

utual alignment of the platelets in the sample.
. Results

The refractive indices and loss coefficients of the four h-BN
rades studied are presented in Fig. 4 and summarised in Table 2.

i
o

s

able 2
efractive indices and loss coefficients of the four grades of h-BN studied.

Refractive index @ 1 THz ± 0.002 Refractive index @

pe papa pape ne − no pe papa

BN 2.075 2.085 2.197 −0.112 2.075 2.087
BR 2.004 2.005 2.134 −0.129 1.992 1.995
BC 2.053 2.053 2.197 −0.144 2.057 2.058
BT 2.005 2.005 2.196 −0.191 2.015 2.015
eramic Society 30 (2010) 2691–2697

he results may be compared with those in Ref. [13], wherein
rades A and HP correspond, respectively, to HBN and HBR.
he two sets of results are generally similar, although the values
f no in the present work are somewhat higher.

All four grades are seen to be birefringent, as expected, with
egative birefringence varying from −0.11 to −0.19. Grades
BC, HBN and HBR are weakly dichroic, whilst HBT has

ignificant positive dichroism.
It is not entirely clear what is the origin of oscillations at

ow frequencies in perpendicular-cut samples. It appears likely
hat they are artefacts of FFT caused by imperfect alignment of
he BN platelets with the pressing axis, observed as small resid-
al features in the time-domain trace (see Fig. 3). The residual
eatures arise because a small extraordinary component accom-
anies the ordinary beam, and vice versa. The presence of two
ime-domain peaks, corresponding to two independent spectra
enerated, respectively, by the ordinary and the extraordinary
eams, is translated by the FFT into oscillations in the combined
ingle calculated spectrum.

The values of the THz refractive index and loss coefficient for
e and papa sample orientations are expected to be equal within
he measurement error, since both relate to propagation along
he extraordinary axis. The small observed differences may be
aused by the imperfect alignment of the BN platelets with the
ressing axis (see Fig. 3). The slight increase of the refractive
ndex with frequency is attributed to the tail of the lowest phonon
esonance at 23 THz.18

In comparing the values for different grades, it may be
xpected that the refractive index will decrease linearly with
ncreasing porosity, since less material lies in the optical path.
ig. 5 depicts the relationship. The most notable feature of Fig. 5

s that the extraordinary refractive index decreases with porosity,
s expected, but the ordinary index does not. This supports the
iew that porosity in these materials is located predominantly at
he edges of the c-planes, rather than at the c-plane faces which
ave low surface energy. The extraordinary ray is polarised in the
lane of the platelets, therefore experiencing an effective refrac-
ive index which is modified (reduced) by the interstices between
he platelet edges. The ordinary ray, which is polarised trans-
ersely to the platelets, would be similarly affected by interstices
etween platelet layers. The absence of such effect indicates the
bsence of porosity between platelet faces.

The intercept at zero porosity of the ordinary refractive index

s 2.12, which is in good agreement with the single-crystal value
f 2.13 quoted in Refs. [14,15].

The values for pe and papa orientations are similar for all
amples except HBN, where the pe value is slightly lower. The

2 THz ± 0.002 Loss @ 2 THz (cm−1) ± 2%

pape ne − no pe papa pape

2.197 −0.110 1.95 2.41 2.15
2.128 −0.133 10.0 10.9 10.9
2.2 −0.142 3.36 3.03 2.59
2.202 −0.187 13.0 13.1 5.19
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ig. 4. THz refractive indices and loss coefficients of the four grades of h-BN
ressing axis; papa = cut parallel to the pressing axis, placed parallel to the TH
he THz beam polarisation. Values for pe and papa orientations are expected to

BN grade contains <5% B2O3, which in its glassy form has
he refractive index of 1.75.19,20 B2O3 is a glass former, and
ill vitrify under the hot-pressing process. Therefore the mate-
ial structure is expected to be that of BN platelets bound by
itreous B2O3 “glue”. The low-porosity of HBN also supports
his view. Since the c-plane has low surface energy, which pre-

ig. 5. Refractive index of the four h-BN grades studied at 1 THz, together with
heir birefringence.
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ied. Sample orientations are denoted as follows: pe = cut perpendicular to the
polarisation; pape = cut parallel to the pressing axis, placed perpendicular to
ilar.

ludes chemical interactions, the binder “glue” is expected to be
egregated at the edges of the c-planes. Therefore the transmit-
ed THz beam would interact with a greater volume of binder
n the pe than in the papa orientation, thus lowering the mea-
ured refractive index. This is because the beam cross-section
s much larger than the sample thickness, so that more platelet
dges are incorporated in the interaction volume of the beam
n the pe orientation than in papa. Assuming a 4% content of
itreous B2O3 in the pa beam path, the resulting refractive index
ould be 2.085 × 0.96 + 1.75 × 0.05 = 2.072, which is close to

he observed value of 2.075.
The HBR grade has lower values of refractive index than

xpected for its porosity, although its birefringence complies
ith the trend. HBR contains ∼6% of Ca3(BO3)2 as binder. It
ay be speculated that Ca3(BO3)2 – which unlike B2O3 is not
glass-former – donates oxygen to BN to form a variety of

oron-oxide, boron-nitrogen-oxide and calcium-nitrogen-oxide
ompounds.21 If these have lower refractive indices than BN,
his would explain the observed low values in the HBR samples
regrettably, no data could be found in the literature). In addition,

uch compounds may also have higher densities, thus skewing
he calculated porosity to incorrectly lower values. However, the
act that its ordinary refractive index is also significantly lower,
nd that its birefringence follows the trend of other grades, sug-
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ers. This is consistent with the known size of calcium-compound
grains in the material, which are known to be of the order of
∼100 �m.23 The ratio of scattering coefficients was significantly
higher for the pape orientation than for pe or papa, which sup-
Fig. 6. Loss at 2 THz of the four h-BN grades studied.

ests that any errors in HBR porosity are likely to be relatively
mall.

Fig. 6 depicts the relationship between loss and porosity. In
eramic materials loss is caused by combined contributions of
bsorption and scattering. If absorption is the dominant mecha-
ism, then samples with higher porosity will have reduced losses
ecause less material lies in the beam path. Conversely, if scat-
ering predominates, then loss will rise with porosity due to the
reater presence of scattering centres. As Fig. 6 shows, among
he four grades of BN studied, loss increases with porosity,
ndicating that scattering is the dominant cause (see discussion
elow).

As expected, the losses in the pe and papa orientations are
imilar. Notably, the loss in the pape orientation rises linearly
ith porosity, and the value extrapolated to fully dense (zero
orosity) is close to zero. This indicates that THz absorption in
N is very low, in agreement with data presented in Ref. [1].

In the HBT grade, losses in the pe and papa orientations are
uch higher than in pape. This is consistent with the view that

orosity is segregated at the edges of the platelets, thus causing
reater scattering of the beam polarised in the ab-plane. This is
ecause for all angles of incidence s-polarised beam undergoes
tronger reflection at interfaces, and therefore more scattering,
han p-polarised beam.22

The HBR grade exhibits higher than expected loss. In the
iscussion above, it was speculated that HBR may contain a sig-
ificant fraction of compounds incorporating Ca, O, N, and B.
ll such compounds are polar to a much greater degree than BN,

nd therefore highly absorbing at THz frequencies, giving rise to
bsorption losses. Moreover, grains of calcium-containing com-
ounds are known to approach 100 �m in size,23 causing greatly
ncreased scattering from interfaces. Higher than calculated val-
es of porosity would also contribute to increased scattering.

Scattering loss is frequency dependent; the nature of the

ependence indicates the size of the scatterers. When scatter-
rs are of the order of the wavelength and of varying sizes and
hapes (Mie), the loss is proportional to f2; when scatterers are
uch smaller than the wavelength (Rayleigh), the loss is pro-

F
H

ig. 7. The loss spectrum of HBN-pe together with the fit to the scattering model.

ortional to f4 22 (where f is the frequency of the propagating
adiation).

The loss spectra of the samples have been fitted with the
cattering model, as shown in Fig. 7, using the equation:

oss = SMie f 2 + SRayleigh f 4 (3)

he ratio of the two scattering coefficients SMie f2/SRayleigh f4

ay be taken to represent the relative predominance of scatterers
f different sizes, and is plotted in Fig. 8.

It is seen that in all grades and orientations the ratio
Mie f2/SRayleigh f4 > 1, signaling that the f2 scattering is the dom-
nant mechanism. This suggests that a significant proportion of
he scatterers are of the order of >10 �m. Indeed, the HBR grade
howed only f2 scattering, marking the absence of small scatter-
ig. 8. The ratio of scattering coefficients SMie f2/SRayleigh f4 for HBN, HBC and
BT grades. The HBR grade had SRayleigh f4 ∼ 0 in all orientations.
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orts the view that in this orientation the beam interacts with the
dges of relatively large platelets. Notably, the ratio decreases
ith porosity, indicating that in more porous material the size
f particles and pores may be smaller than in more highly dense
aterial.

. Conclusions

Four grades of h-BN were studied using THz time-domain
pectroscopy. Significant differences were observed among the
our grades in terms of their refractive indices and transmis-
ion loss. The results were analysed in relation to variations in
orosity, composition and structure of the materials.

In particular, the analysis confirmed that both porosity and
inder tend to be segregated at c-plane edges of the BN platelets.
n indication of the sizes of particles and pores was also
btained.

THz time-domain spectroscopy was demonstrated as a tech-
ique capable of providing insight into the structure of optically
paque ceramic materials.

The low-porosity HBN grade was shown to have good trans-
arency at THz frequencies. Moreover, the results indicate
hat by reducing porosity further, transparency can be greatly
mproved. However, when selecting the appropriate material for
n application, one must consider the slightly lower loss in HBN
ersus the lack of moisture sensitivity in HBC. Both HBN and
BC grades have potential uses as optical materials at THz

requencies, especially in applications requiring high thermal
esistance and/or hardness.
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