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The microstructure and morphology of three samples of pyrolytic boron nitride deposited at different
temperatures have been characterized with use of x-ray diffraction and thermal-conductivity measure-
ments. The x-ray analysis allowed the determination of the mean interlayer spacing, the out-of-plane
coherence length, and the crystallites preferred orientation. It revealed the presence of three distinct
morphologies. The thermal conductivity was measured as a function of temperature in the range
1.5<T <300 K. The temperature variations of the thermal conductivity were fitted by using a model
previously developed for the analysis of the thermal conductivity of graphites and carbons. This fit al-
lowed the determination of the in-plane coherence length. It also allowed the analysis of point-defect

concentration and of the interlayer shear modulus.

It is shown that low-temperature thermal-

conductivity measurements may be used to complement x-ray diffraction data for the microstructural

characterization of materials.

I. INTRODUCTION

It has been previously shown how low-temperature
thermal-conductivity measurements can be used as a tool
for the microstructural characterization of layered ma-
terials such as graphites,' carbon fibers,”* or pyrolytic
boron nitride (PBN).* Particularly, this method allows
the determination of the in- and out-of-plane coherence
lengths.>* While x-ray determination of crystallite sizes
is limited to low values (approximately <100 nm),
thermal-conductivity measurements present the advan-
tage that they have no resolution limit. These measure-
ments are thus a very useful complementary tool to x-ray
diffraction for the microstructural characterization of
materials. Advantages of thermal-conductivity measure-
ments are also that extra information about the concen-
tration of point defects and about mechanical parameters
of the material may be obtained.>*

Pyrolytic boron nitride presents a layered structure
similar to that of graphite® except that the stacking of the
layers is AAA... (Fig. 1). Along the ¢ axis, a boron
atom lies above a nitrogen atom alternatively. The in-
plane distance between B and N atoms is 0.154 nm, and
the interplanar distance c, is 0.333 nm. Sichel et al.®’
have also shown that boron nitride presents an anoma-
lous difference between the temperature dependence of
the lattice thermal conductivity ( < T>*) and the specific
heat which varies as T below 10 K and at 77 at higy .
temperatures. In fact, pyrolytic boron nitride presents a
structure and a thermal conductivity behavior very simi-
lar to that of graphite.

Moore and Strong® have shown that pyrolytic boron
nitride prepared at or near normal conditions can exhibit
three distinct types of. structure and morphology. The
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first is a turbostratic structure with an interlayer spacing
d higher than 0.340 nm. The second is more crystalline
(d=0.334-0.335 nm). The third one presents an inter-
layer spacing similar to that of the second type, but con-
sists of twinned columnar microcrystallites. Most sam-
ples contain more than one type of structure.

We have investigated samples of each structure and
morphology prepared as described later. These samples
were first characterized by specific-gravity measurements,
x-ray diffraction, and x-ray fluorescence. @ More
specifically, x-ray diffraction allowed the determination of
the interplanar distance d, the c-axis stacking length L,

@ Boron

QO Nitrogen

FIG. 1. Structure of crystalline hexagonal boron nitride. The
layer stacking is A4 A... with an interlayer spacing of 0.333
nm. The unit cell is represented by means of dot-dashed lines.
The in-plane lattice constant a, is equal to 0.2504 nm, and the
out-of-plane constant ¢, is equal to 0.6661 nm (Ref. 5).
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and the crystallite orientation distribution I(®). For
each sample, the structure and morphology of each were
related to structural parameter values.®

We have measured the low-temperature thermal con-
ductivity in the temperature range 1.5 <7 <300 K. For
the interpretation of the results, we have adapted the
model developed for the thermal conductivity of graph-
ite»® to the case of hexagonal pyrolytic boron nitride.
Using this model, we have fitted the experimental data
and we obtained the following parameters: the a-axis
crystallite size L,, the interlayer shear modulus Cy4, and
quantitative information about point defects.

The paper is organized into four sections. In Sec. II
the preparation and characterization methods are report-
ed. In Sec. III the physical model used for the analysis of
the thermal-conductivity results is explained. In Sec. IV
the results of the structural characterization and
thermal-conductivity measurements are presented. These
results are discussed in Sec. V, and conclusions are given
in Sec. VL.

II. EXPERIMENTAL DETAILS

The PBN samples investigated in this paper were
prepared by reacting boron tricholoride and ammonia on
hot graphite substrates in a pilot-plant-sized chemical-
vapor-deposition (CVD) reactor at Union Carbide Coat-
ings Service Corporation’s laboratory in Parma, Ohio.
Methods of x-ray characterization for the as-deposited
PBN are given in Ref. 8.

The temperature variation of the thermal conductivity
was measured in the temperature range 1.5 <7 <300 K.
The measurements were performed in a direction parallel
to the deposition surface by means of a four-probe
steady-state heat-flux method.” The samples dimensions
were approximately 25X 10X 1 mm>.

The sample holder used for the measurements is
presented in Fig. 2. The sample was thermally anchored
at one end on a heat sink by means of low-temperature
adhesive varnish (GE 7031) and secured by a copper plate
and two screws. A heater consisting of a standard elec-
tronic metal-film resistor (1 k) glued inside a copper
block was fixed at the other end of the sample by means
of adhesive varnish. The geometry of the heater was
studied in order to have a good heat contact over the en-
tire sample section.

According to the temperature investigated, the temper-
ature gradient across the sample was measured either by
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FIG. 2. Schematic representation of the experimental setup
used for the thermal conductivity measurements (see text).

means of two carbon-glass resistors [(CG),, and
(CG)q1a] previously calibrated (T < 15 K) or by means of
two Chromel-Constantan thermocouples (T}, and T 4)
(T'>15 K). The temperature sensors were mounted on
copper plates attached to the sample by means of
adhesive varnish. The temperature-sensor assemblies
were supported by thin stainless-steel rods fixed by nuts
on stainless-steel screws. The voltages of the temperature
sensors were measured by means of a Keithley nano-
voltmeter (K 181), which has a resolution of 1078 V.

At 4.2 K the heat-loss conductance of the system was
estimated to be of the order of 1 uW K ™!, which is more
than an order of magnitude less than the conductances of
the samples.

III. THEORETICAL MODEL

In electrically insulating materials, the thermal con-
duction is entirely due to quantified lattice vibrations, the
phonons. The lattice thermal conductivity is limited by
two distinct mechanisms: phonon-phonon scattering and
phonon-defect scattering. At high temperatures, above
the dielectric maximum, the thermal resistivity is due to
phonon-phonon umklapp scattering. Around and below
the dielectric maximum, the thermal conductivity is lim-
ited by the scattering of the phonons by static lattice de-
fects. In the lowest-temperature range, boundary scatter-
ing is the dominating process. Near the dielectric max-
imum, scattering by small scale defects (i.e., points de-
fects) may become the dominating process

In the relaxation time approximation, the lattice
thermal-conductivity tensor components of a solid, Kops
can be expressed by the relation'’

explfio, (q)/k; T

2/,

= 81T3 = Tp(q){vp(q)}a{vp(q)}b

Kap kyT

The summation is made over the three acoustic polar-
izations (p =1, 2, or 3), and the integration is made over
the first Brillouin zone in reciprocal space. g, g,, and g,
are the components of the wave vector q along the three
directions in reciprocal space. ®,(q) and 7,(q) are, re-
spectively, the frequency pulsation and relaxation time of
a phonon with wave vector q and polarization p.

{exp[fiw,(q)/kgT]—1}

—dq,dq,dq, . (1)

I
{v,(q)}, is the group velocity in the a directions given by
the derivation of w,(q) with respect to g,,.

As is the case for graphite, pyrolytic boron nitride
presents a hexagonal symmetry which implies a reduction
of the thermal-conductivity tensor to two components «,
and k.. k, is the thermal conductivity parallel to the hex-
agonal layers (in-plane conductivity) and k. the thermal
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conductivity perpendicular to the layers (out-of-plane
thermal conductivity). If we suppose that the x and y
axes lie parallel to the layers and the z axis parallel to the
c axis, then k, =k, =k, and kK, =K,,.

The analogies between the structure and properties of
graphite and hexagonal boron nitride enable us to apply
the theory developed for the thermal conductivity of
graphite to the case of boron nitride, as was previously
done by Kelly'! and Jager."?

First of all, the thermal conductivity has been mea-
sured along the deposition plane of samples that present
crystallite misorientation with respect to this deposition
surface. It implies that the measured thermal conductivi-
ty is a combination of the in-plane conductivity «, and
the out-of-plane conductivity «.. Assuming that the
deposition plane is (x,y,0) and that the thermal conduc-
tivity is measured along the x axis, the measured thermal
conductivity is then given by the relation'?
ke

1__

Ky =K,
a

( sin%¢ cos®y) } , )

with the mean value of sin’¢ cos’y over all the samples
given by

/2
I(¢)sin’pd
(sin2¢cos2¢>=-1— fovz Prsingdd . (3)
2 fo I(¢)singd¢

¢ is the angle between the crystallite ¢ axis and the z axis
normal to the deposition plane. ¥ is the angle between
the x axis and the crystallite c-axis projection onto the
deposition plane. I(¢) represents the crystallite orienta-
tion distribution function, which has been measured by
x-ray diffraction.

Komatsu and Nagayima'*!® developed a semicontinu-
um model for lattice dynamics in graphite valid at low
temperature. This model gives the following dispersion
relations for the three polarizations:

172
Cu dq
w,(q)= |Vig2+4 WE sin? 2C , (4a)
172
C44 . dqc
w,(q)= Vt2q3+4pmd2 sin? 5 , (4b)
172
Cus Cy dq,
(= |8%q}+—¢2+4—— sin’ | —— (4c)
ws(q O C 5

Polarizations 1 and 2 are, respectively, the two in-plane
polarizations. Polarization 3 is the out-of-plane polariza-
tion. d is the interlayer spacing, g, and q. are, respec-
tively, the wave-vector projections onto the layer planes
and ¢ axis, p,, is the mass density, § is related to the
bending modulus of the layers, C3; is the compression
modulus, and C,, is the interlayer shear modulus. ¥; and
V, are, respectively, the longitudinal and transverse in-
plane phonon velocities related to the elastic moduli Cy;
and C,, by the relations

1/2
Cll

V,= , (5a)
Pm
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In order to calculate the lattice thermal conductivity,
we still have to define the phonon-scattering relaxation
time. At low temperature, below the dielectric max-
imum, mainly two mechanisms, boundary scattering and
point-defect scattering, lead to phonon scattering.’

So, for each polarization p, two relaxation times are
considered: 7,5(q), the relaxation time for boundary
scattering, and 7,5(q), the relaxation time for point-
defect scattering. The total relaxation time is then given
by

= + . (6)

Concerning boundary scattering, as is the case for
graphite, boron nitride crystallite may be represented by
cylinders with diameters equal to L, and height equal to
L,.'®* Phonons may be scattered by boundaries parallel to
the planes or boundaries perpendicular to the planes.
For instance, in a crystallite with L, equal to L., a pho-
non whose velocity component along the a axis is greater
than along the c axis is scattered by the boundary perpen-
dicular to the planes.>® In the opposite case, the phonon
is scattered by the boundary parallel to the planes. The
relaxation times for these two mechanisms are, respec-
tively, given by the relations

L,
R s 7
{78(Q)}, [o,(a)l, (7a)
(qQ)}.= L. (7b)
{TpB q }c_ [Up(q)]c .

In order to determine which phonons are scattered by
each type of boundary, we have to express the equality
between {7,5(q)}, and {7,5(q)}.. This determines a sur-
face in q space whose position is determined by the ratio
L,/L,. Phonons whose wave vector remains inside the
surface are scattered by the grain boundaries parallel to
the planes, whereas phonons whose wave vector remains
outside the surface are scattered by the grain boundaries
perpendicular to the planes. Let us assume that the
values of the L, /L, ratio encountered in pyrolytic boron
nitride are nearly the same values as those found in pyro-
lytic graphite, i.e., from 2 for turbostratic materials to
more than 10 in almost perfect materials.'” Then we see
that the scattering of the phonons by boundaries parallel
to the layers is negligible for the two in-plane contribu-
tions to the thermal conductivity as a result of their large
in-plane velocities. On the contrary, the out-of-plane
thermal conductivity may be reduced by the scattering of
phonons by the boundaries parallel to the layers.

Concerning point-defect scattering, we used the pho-
non mean-free-path relations developed by Kelly for
graphite.!® From these relations we derived the following
expressions for the corresponding relaxation times:

1 A

== , (8a)
TID(q) VIZ Cl)](q) a
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In these relations A4 is a constant related to the defect
concentration.

Using the relations developed here, it is possible to cal-
culate the temperature variation of the thermal conduc-
tivity of pyrolytic boron nitride along the deposition
plane below the dielectric maximum.

IV. RESULTS

The density and structural characteristics of the three
as-deposited PBN samples are given in Table I. A depo-
sition temperature of 1670°C yielded low-density turbo-
stratic PBN (BN Sample No. 1) with small crystallite size
and an interlayer spacing 3% larger than that of ideal
hexagonal BN. A high-density deposit (BN Sample No.
2) made at 2000°C was more crystalline with an inter-
layer spacing only 0.5% larger than the ideal value. In
spite of these differences, the preferred orientation, as
defined by the full width at half maximum intensity of the
(002) orientation distribution function (A85yy ™) was the
same for both samples. Attempts to dope PBN with zir-
conium while depositing at 1890 °C yielded a very-high-
density material (BN Sample No. 3), which was some-
what more crystalline than BN Sample No. 2. The x-ray
rocking curve for this unusual deposit, which contained
no more than 1 ppm of zirconium, consisted of two
peaks, each 8°—12° AWM and separated by about 73°.

The temperature variation of the thermal conductivity
of the three boron nitride samples is presented in Fig. 3.
It is compared with the thermal conductivity of highly
oriented pyrolytic boron nitride (HOPBN).”

As expected, the thermal conductivity increases when
crystalline ordering increases. The turbostratic sample
(BN Sample No. 1) presents thus the lowest thermal con-
ductivity over the entire temperature range. At room
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FIG. 3. Temperature variation of the thermal conductivity of
the three pyrolytic boron nitride samples investigated [BN Sam-
ple No. 1 (A), BN Sample No. 2 (O), and BN Sample No. 3
(@)] compared with the thermal conductivity of highly oriented
pyrolytic boron nitride (Ref. 7) (solid line).

temperature its thermal conductivity is equal to 30
Wm~ 'K~ Compared with BN Sample No. 2, BN
Sample No. 3, which was tentatively doped during fabri-
cation, presents an enhanced thermal conductivity. At
300 K they present, respectively, thermal-conductivity
values of 150 and 225 Wm ™ 'K ~!. All three samples
present lower values of thermal conductivity than
HOPBN (Refs. 7 and 19) with a dielectric maximum
arising at higher temperatures.

Below 70 K the temperature dependence of the
thermal conductivity of BN Sample No. 1 is proportional
to T2 This behavior is characteristic of turbostratic ma-
terials.>® In this kind of material, the weak coupling be-
tween layers implies weak interlayer moduli (C;; and
C,4) and gives rise to a quasi-two-dimensional behavior
[K( T) o« T2].2,3,16

Below 10 K, BN Samples Nos. 2 and 3 present
thermal-conductivity temperature dependences propor-
tional to T>3 and T2, respectively. These temperature

TABLE I. Characteristics of the three BN samples investigated: T, the deposition temperature; p,,,,
the mass density; d, the interlayer spacing; L., the out-of-plane coherence length; AG5R™, the full
width at half maximum of the crystallite distribution function; and the type of structure (I, turbostratic
structure; II, high-density structure with one crystallite preferred orientation; and III, very-high-

density structure with twined crystallites) (Ref. 8).

T, Pom d L. AGRHHM Structure
Samples (°C) (gem™?) (nm) (nm) (deg) type
BN Sample No. 1 1670 1.80 0.343 6.0 65 1
BN Sample No. 2 2000 2.21 0.334-0.335 11.7 65 II
BN Sample No. 3 1890 2.23 0.334-0.335 133 822 II1

“Effective full width at half maximum across two peaks, each 8°-12° wide and separated by about 73°.
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dependences are in agreement with those previously ob-
served on HOPBN (Ref. 7) and on commercial BN, i.e.,
proportional to T2*. However, in the temperature range
10<T <70 K, the temperature dependences are steeper
(< T?8). We checked with a standard sample that this
effect was not due to an experimental error. The same
anomaly has also been observed by Jager.'>? Up to now,
no satisfactory explanation can account for this behavior.

V. DISCUSSION

The temperature variation of the thermal conductivity
below the dielectric maximum was fitted using the
theoretical relations developed in Sec. III.

In the dispersion relations (4), we used the mass density
P and the interplanar distance d given in Table I.

For the mechanical constants, we assumed that, as for
the case of graphite, boron nitride intralayer moduli are
not much affected by disorder.>>?' So we assumed that
the C,; and C,, values are constant for each sample. We
used the values of C;; and C,, determined by Jager for
pyrolytic boron nitride,'? respectively, 750 and 150 GPa.
These values of C;; and C,, are close to those determined
by Kelly for HOPBN.* For 8, the constant related to the
bending modulus, we used the value employed by Kelly*
and Jager!? (4X 107" m?s™1).

In graphites and carbons, C; is supposed to be linearly
related to interlayer distance d.>>?!' We made the same
assumption for pyrolytic boron nitride. By an ultrasonic
method, Jager has determined two experimental values of
C;; for two pyrolytic boron nitride samples of different
interlayer spacings.!> These results provided us the fol-
lowing relation between compression modulus C;; and
the interplanar distance d:

C33=18.7—672.8[d(nm)—0.333] GPa . ©)

The interlayer shear modulus C,, is also related to the
miscrostructure of the material, but the relation is not
straightforward. Thus it was one of the adjustable pa-
rameters.

For boundary scattering we used in relation (7b) the
values of L, determined by x-ray diffraction (Table I).
The in-plane crystallite size L, in relation (7a) and the
constant for point-defect scattering, A4, in relations (8)
were the two other adjustable parameters for the fit.

In relation (3) the crystallite orientation distribution
function I(¢$) was approximated by a Gaussian whose
width at half maximum is equal to the full width at half
maximum of the distribution functions determined by x-
ray diffraction (Table I). The results of the fit are present-
ed in Table II.

As expected, the in-plane crystallite size L, increases
from the turbostratic sample (BN Sample No. 1) to BN
Sample No. 3 (Table II). This increase parallels that of
the out-of-plane coherence length L, determined by x-ray
diffraction (Table I). This increase also parallels that of
the thermal-conductivity values at room temperature.
The same behavior has been already observed in carbon
fibers.>® This is in fact due to the high Debye tempera-
ture of these materials. As a consequence, the crystallite
size becomes the main parameter that has to be improved
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TABLE II. Results of the parameter adjustments on the tem-
perature variation of the thermal conductivity: L,, in-plane
crystallite size; A4, constant for point-defect scattering; and Cy,
interlayer shear modulus, compared with the room-temperature
thermal conductivity k3p.

K300 L, A Cus

Sample (Wm™'K™") (mm) (1072 m?) (GPa)
BN Sample No. 1 30 6.7 4.360 <0.01
BN Sample No. 2 150 55.6 <0.01 2.52
BN Sample No. 3 220 178.0 0.098 1.54

to increase the thermal conductivity of these materials
even at high temperatures.

The result of the adjustment of the point-defect con-
stant A confirms that the turbostratic sample (BN Sam-
ple No. 1) is the most defective sample. BN Sample No.
3 contains more point defects than BN Sample No. 2.
However, very few chemical impurities were detected by
x-ray fluorescence. Then we can suppose that these de-
fects are mainly structural defects such as vacancies or
interstitial atoms.

Shear-modulus values of pyrolytic boron nitride deter-
mined by low-temperature thermal-conductivity or
specific-heat measurements are generally higher than the
values obtained by ultrasonic measurements.!> As is the
case for graphite, it is assumed that determination of Cy,
by ultrasonic methods in pyrolytic boron nitride is
affected by the presence of free basal dislocations. On the
contrary, the shear modulus determined by specific-heat
or thermal-conductivity measurements is considered as
the intrinsic interlayer shear modulus.!>?

Results of the shear-modulus adjustment show that BN
Sample No. 1 presents a very low value of shear modulus.
This confirms the conclusion drawn from the T? temper-
ature dependence, i.e., that layers are weakly coupled in
turbostratic materials, leading to weak interlayer moduli
and to a quasi-two-dimensional behavior of the thermal
conductivity.

The difference observed between the C,, values of
Samples Nos. 2 and 3 may be related to the difference ob-
served in the point-defect concentrations. BN Sample
No. 3 seems to contain more defects, and it is possible
that the presence of more interstitial atoms reduces the
interlayer shear modulus.

VI. CONCLUSIONS

X-ray-diffraction studies have s »wn that three types
of structure and morphology can be tound in PBN made
at or near ‘“normal’ deposition conditions from mixtures
of boron trichloride and ammonia.

Low-temperature thermal-conductivity measurements,
in the range 1.5-300 K, enable us to further characterize
these three different types of PBN. Adapting a theoreti-
cal model previously developed for graphites, we are able
to determine the in-plane crystallite size L, of our sam-
ples and to compare their point-defect concentrations
and interlayer shear moduli C,,.

The thermal conductivity is found to increase from BN
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Sample 1 to BN Sample No. 3. The values found for the
in-plane crystallite size L, show the same trends,
confirming the increasing crystalline order from the tur-
bostratic sample to the very-high-density sample. It also
suggests that this parameter is the most important for the
determination of the thermal-conductivity value even at
high temperature.

The results of the adjustment of the point-defect con-
stant 4 and shear modulus C,, confirm that the turbo-
stratic sample (BN Sample No. 1) presents the most de-
fective structure with weak interlayer bonding. The
slight difference observed between the shear moduli of
the two other samples may be attributed to the higher
point-defect concentration found in BN Sample No. 3.
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We have thus shown that, as is the case in graphites
and carbon fibers, low-temperature thermal-conductivity
measurements may be used to characterize the structure
of pyrolytic boron nitride. Especially, they usefully com-
plement x-ray diffraction for the determination of the
crystallite size.
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FIG. 2. Schematic representation of the experimental setup
used for the thermal conductivity measurements (see text).



