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Chemically vapour-deposited boron nitride (CVD-BN) plates have been synthesized on a
graphite substrate by the reaction of the BClI;—-NH;—H, gas system in a deposition temperature
(T4p) range from 1200 to 2000° C, with a total gas pressure (F,,) which was varied from & to
60 torr. The effects of P, and Ty, on the crystal structure and the microstructure of the CVD-BN
plate were investigated. Turbostratic BN(t-BN) was deposited above 10torr, at any 7, in the
range investigated. The interlayer spacing (c,/2), the crystallite size (L¢) and the preferred
orientation (PO) were strongly affected by 7,.,. The t-BN obtained at low T, had large ¢,/2
and small L¢ and PO. As T, increased, c,/2 tended to decrease whereas Lc increased and the
c-plane of the crystallites became oriented parallel to the deposition surface. At a P, of btorr,
a mixture of t-BN and h-BN (hexagonal BN) was deposited at any 7, above 1700°C, and
two kinds of t-BN different in ¢,/2 co-deposited at a 74, below 1600° C. Moreover, it was
indicated that r-BN (rhombohedral BN) was included in the deposits obtained at a £, of

5torr and a 7, of 1500 to 1600°C.

1. Introduction

In general, a boron nitride (BN) body is manufactured
by the sintering of hexagonal BN powder with added
sintering agents such as boric oxide, borate and high
silicate glass, since BN alone is difficult to sinter [1, 2].
Therefore, unfavourable pores and impurities are apt
to be included in the sintered body. On the other hand,
the chemical vapour deposition (CVD) method enables
the formation of high purity BN bodies with high
density. Although various reaction gas systems have
been reported for the syntheses of CVD-BN, the
B,H,—NH, and BCl,-NH, systems are generally used
for the manufacture of films and free-standing bodies.
The importance of free-standing bodies made from
CVD-BN has been increasing, since they are fre-
quently used in crucibles for melting semiconductor
materials, and for high-temperature jigs and insu-
lators. Basche and Shiff [3] reported on the properties
of CVD-BN synthesized at a deposition temperature
(Tyep) of 1900°C using the BCL,-NH; system, and
indicated that the material was useful in industrial
applications. Similarly, Clerc and Gerlach [4] syn-
thesized CVD-BN using the BCl,~NH, system at a
Typ of 1500 to 1900°C and studied the high-
temperature compatibility with various metals. Malé
and Salanoubat [5] investigated the influence of H, on
CVD in the BCL,—NH, system. In these previous
works, however, the effects of the formation con-
ditions on the crystal structure, density and micro-
structure of CVD-BN, and its formation mechanism
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have not been reported on in any great detail. The
present report describes the synthesis of CVD-BN
plates of 0.2 to I mm in thickness, and the effects of the
formation conditions on the crystal structure and
microstructure.

2. Experimental procedure

2.1. Synthesis of CYD-BN plate

Fig. 1 is a schematic drawing of the CVD apparatus
(Tachibana Riko CVD-250-T4). The 40mm X
13mm x 2mm graphite substrate finished with No.
1500 emery paper was heated directly by electric
current. Deposition temperature (Ty,,) was measured
with a two-colour pyrometer (Chino IR-Q2C) and
was controlled automatically. T, was varied in the

range from 1200 to 2000° C. BCl, (purity: 99.9%) and

NH, (99.95%) gases were used for the starting
materials and H, (99.999%) for dilution. Since BCl,
readily reacts with NH; at room temperature and
forms a white powder, these gases were introduced
separately into the CVD reactor through a coaxial
double tube in order to mix them in the vicinity of the
substrate. NH, gas and a gas mixture of BCl; and H,
were introduced through the inner and outer tubes,
respectively. The gas-flow rates were kept constant at
90 standard cubic centimetre per minute (SCCM) for
NH;, 140 SCCM for BCl,, and 670 SCCM for H,. The
total gas pressure (P,) in the CVD reactor was
measured with a mercury manometer and was kept
constant at a programmed pressure with a pressure
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control valve attached to the exhaust side. The P, was
varied in the range of 5 to 60 torr (0.67 to 8 kPa).
The deposit (CVD-BN plate) was completely
removed from the graphite substrate using a diamond
cutter and emery paper. The CVD-BN plate obtained
was about 30mm x Ilmm x 0.2 to 1 mm in size
and subjected to the measurements described below.

2.2. Crystal structure analysis
The plate sample was reduced to powder by vibratory
milling in an alumina mill. The powdered sample
(— 325 mesh) was subjected to X-ray diffraction to
obtain interlayer spacing (¢,/2), the apparent crystal-
lite size of the c-axis direction (Lc), and the preferred
orientation of the crystallites (PO), using an X-ray
diffractometer with Ni-filtered CuK«-radiation (Rigaku
Geigerflex 2013). ¢,/2 was calculated using the half-
width mid-points of the (002) and (0 04) reflections.
The Lc was calculated using the Scherrer equation
(Lec = KA/Bcos ) substituting the half width of the
(002) reflection, where K was taken as 0.9 [6]. The
integrated intensities for the (00 2) and (1 0) reflections
[[(002) and I(10)] were measured to estimate PO
according to the following equation:
[I(l 0)/1(0 0 2)]plate

PO = H00)H00 D lponsr M
The numerator and the denominator of the above
equation respectively represent the integrated ratio of
the (1 0) to (0 0 2) reflection for the powdered and plate
samples.

2.3. Microstructure observation

The deposition surface and the fracture surface vertical
to the deposition surface of the CVD-BN plate were
observed with a scanning electron microscope (SEM)
(Hitachi H-800). The sample surface was ultrasonically
cleaned in acetone and was coated with a gold film
having a thickness of about 30 nm.

3. Results
The appearance of the CVD-BN plate varied from
colourless transparent to white opaque, depending on
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Figure 1 Reactor for the CVD-BN plate synthesis.
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the deposition conditions. Transparent plates were
obtained at a Ty, below 1400°C and a P, above
20 torr. The plates tended to turn opaque as Ty, and
P, were increased and decreased, respectively. Fig. 2
shows (a) a 0.7 mm-thick transparent plate and (b) a
0.5 mm-thick white opaque plate. Transparent plates
gradually became cloudy with exposure to the atmos-
phere, which finally produced cracks in some of the
plates. The plates generated an NH; odour when they
were being reduced to powder. They also gained weight
in the atmosphere. These results indicated that the
transparent plates showed instability when exposed to
moisture. These phenomena observed on the trans-
parent plates were not seen in the white opaque plates.

CVD-BN plates with uniform thickness were
obtained on the substrate at a low P,,, while thickness
tended to become non-uniform as P, increased. For
the CVD-BN plate obtained at a P, of 60torr and a
T4, of 1600° C, for example, the thickness at the end
part of the substrate under the upper stream of the
source gases was several times thicker than that at the

'D-BN CVD-BN CVD-E
D-BN €VD-BN CVD-F
(@) N CVD-BN CVD-E
—IN CVD-BN CVD-E
/D-BN CVD=BiN CVD-E
/D-BN CVD-BN CVD-E
ID-E"IT MTITIT TAT f""r'l:)_E
)] D-E

. : D-R
/D-BN uvu-piv uvD-RB
/D-BN

CVD-BN CVD-E

Figure 2 Transparent and white opaque CVD-BN plates. (a)
Tyep = 1400°C, B, = 30torr (thickness = 0.7mm); (b) Ty, =
1800°C, P, = 5torr (thickness = 0.5mm).
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Figure 3 Effects of Ty, and P, on the crystal structure of the
CVD-BN plates. Type A, isotropic t-BN; Type B, anisotropic t-BN;
Type C, (t + t')-BN; Type D, (t + h)-BN.

centre part of the substrate. In the CVD-BN plates
with a non-uniform thickness, only the centre part of
the plate was subjected to various measurements.

3.1. Crystal structure of CVD-BN

The CVD-BN plates obtained were classified into four
types (A to D) according to their transparency and
crystal structure. The formation of these four types of
deposits depended on Ty, and P, as shown in
Fig. 3.

The deposits obtained at a P, of 10 to 60 torr
yielded the X-ray diffraction patterns given in Fig. 4a
and b. The fact that no (10 1) reflection is observed
in the (10) band means a structure lacking three-
dimensional ordering, which could be identified as the
so-called turbostratic BN(t-BN) [6]. t-BN, which is
characterized by broad (001/) reflections as shown in
Fig. 4a, was obtained at a low T, (in the region
marked with A in Fig. 3). This t-BN plate showed high
transparency. The transparency was reduced as Ty,
increased, so that the appearance of the CVD-BN
plates obtained in the B-region in Fig. 3 varied from
semi-transparent to white opaque. Sharper (00/)
reflections were obtained for those deposits, as can be
seen in Fig. 4b. As will be described later, the continu-
ous change in ¢,;/2 of the t-BN deposited in the A- and
B-regions suggests similarity in crystal structure.
However, the A-region deposits showed a different
orientation and fracture behaviour from the B-region
deposits; i.e. the CVD-BN plates in the A-region were
isotropic, and CVD-BN plates in the B-region were
anisotropic. Accordingly, the region of the t-BN
formation was classified into two (A and B) regions
for convenience.

Fig. 4cis an example of the X-ray diffraction pattern
for the deposit formed in the C-region (P, of 5 torr
and T, of 1300 to 1600°C). Two (002) and two
(004) reflections indicate that the deposit was com-
posed of two kinds of BN having different c,/2. The
(007) reflections at the low angles [(00/),] were near
to those of t-BN formed at a P, of 10torr and at the
same T,,,, while the (00/) reflections at high angles
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Figure 4 Typical X-ray diffraction pattern of powdered CVD-BN.
(@) Type A, isotropic t-BN (T, = 1200°C, £, = 30torr); (b)
Type B, anisotropic t-BN (T, = 1600°C, £, = 30torr); {c) Type
C, (t + t)-BN (7, = 1600°C, P, = Storr); {d) Type D,
{t + h)}-BN (T, = 2000°C, P, = Storr), (Cuku radiation
filtered with Ni).

[(001]),] were attributed to the BN with smaller ¢,/2
newly formed in the C-region. The ¢,/2 of the latter
BN with the (00/), reflections was very close to that
of h-BN [7]; however, no (10 1) or (102) reflections
indicating three-dimensional ordering were seen in the
(10) band. This observation suggests that the BN
which yields the (00/), reflections also has a dis-
ordered structure. This turbostratic BN with a smaller
¢,/2 was denoted as t'-BN in order to distinguish it
from the t-BN yielding the (001), reflections. Accord-
ingly, the C-region deposits were denoted as (t + t)-
BN. A slight shoulder was recognized at 20 of 45.5° in
the (10) band of the deposits obtained at a Ty, of 1600
(Fig. 4c) and 1500°C, as discussed later. The CVD-BN
plates obtained in the C-region ranged from semi-
transparent to white opaque.

Fig. 4d is an example of the X-ray diffraction pattern
of the deposit formed in the D-region (£, of 5torr
and Ty, above 1700°C). As in the C-region deposits,
the (002) and (004) reflections yielded iwo peaks
each; therefore, the deposit was identified as a mixture
of two kinds of BN having different ¢,/2. In Fig. 4d,
however, the (10 1) and (10 2) reflections were clearly
recognized, indicating the presence of h-BN with three-
dimensional ordering. The diffraction angles for (00/),
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reflections corresponded to those of t-BN that were
formed in the B-region. The deposits obtained in the
D-region are therefore denoted as (t + h)-BN. These
CVD-BN plates were white opaque in appearance.

In Fig. S the change of ¢,/2 against P, is plotted.
The solid lines and dotted lines represent c,/2 values
obtained from the (0 04) and (00 2) reflections, respect-
ively. In the case of the deposits formed at a P, of
5torr, the double peaks of the (0 07) reflections shown
in Fig. 4c and d were separated using a computer for
calculating precise ¢,/2 values. P, only slightly affected
¢,/2 at a P, of 10 to 60 torr. At a P, of 5Storr, h-BN
with ¢pgpg/2 of 0.333nm was obtained, mixed with
t-BN with cyg94/2 of 0.344nm at a Ty, of 1700 to
2000° C, whereas t'-BN with cy4/2 near to that of
h-BN was co-deposited with t-BN at a T, of 1300 to
1600° C. Fig. 6 shows the change of ¢y /2 with Ty,.
As shown in Fig. 6, BN with a smaller ¢,/2 is formed
at high temperatures, except for a P, of 5torr.

The relation between the apparent crystallite size in
the e-direction (Lc¢) and the deposition condition is
shown in Fig. 7. Lc for deposits formed at a P, above
10 torr are given in this figure. Lc was larger for the
higher T, and for the lower P,,. Lc for the deposits
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Figure 6 Effect of T,,, on the interlayer spacing, cyeoz/2- P, (torr);
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formed at a P, of 5torr was not obtained with any
degree of accuracy due to the double peaks; however,
Lc for t-BN, having the (00/), reflections, formed at
a Ty, above 1700° C was similar to that for the deposit
obtained at a P, of 10torr. Lc of h-BN with the
(001), reflections was estimated from the separated
peak to be in the range from several tens to a hundred
nanometers.

Fig. 8 gives the relation between the relative intensity
ratio I(1 0)/1(002) of a plate sample to that of a pow-
dered sample and the deposition conditions. At a P,
above 10torr, the c-plane of BN tended to be more
parallel to the deposition surface as T, increased.
Relatively isotropic CVD-BN plates were obtained at
a Ty, below 1400° C (A-region in Fig. 3). On the other
hand, at a P, of Storr, preferred orientations were
observed at any Ty,,, and were especially prominent at
Ty, of 1400 and 1300° C.

3.2. Microstructure of the deposition surface
and fracture surface of the CVD-BN
plate

A pebble-like structure was observed by SEM at low

magnification on all the deposition surfaces. Fig. 9a
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and b are SEM photographs ( x 50) of the t-BN plates
obtained in the A-region and the (t + h)-BN plates
obtained in the D-region, respectively. The pebble
sizes tended to be larger for lower T}, and higher .
SEM observation at high magnification (x 20000)
clarified that these pebbles were composed of fine
grains. Figs. 10a to d are high magnification SEM
photographs of the deposition surfaces of the CVD-BN
plates obtained in the regions from A to D in Fig. 3.
Finer grains of less than 0.1 um in diameter were
observed in the regions from A to C, independent of
Ty, and P, whereas in the D-region, grains more
than ten times larger were observed.

Figs. 11a to d are SEM photographs of the fracture
surfaces of the CVD-BN plates obtained in the regions
from A to D. All CVD-BN plates obtained in the
A-region exhibited glass-like fracture surfaces as
shown in Fig. 11a. In contrast, Figs. 11b to d show the
laminar fracture surface for the CVD-BN plates
obtained in the regions from B to D.

4. Discussion

4.1. Synthesis of CVD-BN plate

Syntheses of CVD-BN have been examined using such
boron compounds as B,H, [8-15], BCl, [3-5, 16-24],
BF;[25-28], B;N,H[29], B,N,H,CL;{30], B, H ,[31],
(C,H;),B [32], etc. Most of the previous research has
been concentrated on syntheses using BCl; or B,Hg,
since these two are sufficiently high in vapour pressure
at room temperature. BCl, is easier to handle than
B,H,. In addition, the high thermal stability of BCl,
[33] enables synthesis at a higher 7,,,. In the region
where the surface reaction is the rate limiting step in
the CVD process, the deposition rate is larger for
higher T,,. Therefore, the BCl;-INH; system is better
for obtaining a thick plate or free-standing body of
CVD-BN.

Meyer and Zappner [34] and Tagawa and Ishii [35]
reported that BCl, and NH, readily react with each
other at room temperature to form white powder with
the chemical composition of B:N:Cl = 1:4:3
(atomic ratio). The powder is probably composed of
boron amide compounds, boron imide compounds
and ammonium chloride. Thus, the mixing zone of
BCl, and NH, gases is one of the important factors for
the synthesis of CVD-BN bodies using the BCl,—NH,
system. Basche [17] mixed the source gases in a tem-
perature range from 150 to 200° C and filtered off the
by-product powder to synthesize CVD-BN, whereas
other researchers [4, 5, 18, 20-22] adopted various
other methods of introducing BCl; and NH;, separately
into the reactor. Clerc and Gerlach {4] mixed BCl,
and NH,; at a distance of 90 mm from the substrate.
Takahashi ef al. [20-22] mixed the gases at 50 and
20mm. The present authors carried out preliminary
experiments on the mixing zone of BCl, and NH,,
using a coaxial double tube to determine the optimum
distance between the substrate and the end of the tube.
It was found that at longer distances more by-products,
mainly consisting of NH,Cl, grew at the end of the tube
and that the deposition rate decreased. Considering
these results, a distance of 20 mm was chosen for the
present experiments, Nithara and Hirai [36] succeeded
in the synthesis of a Si;N, plate at high deposition

Figure 9 SEM-photographs of deposition surface of the CVD-BN plates. (a) The t-BN plate prepared at T, = 1400°C, P, = 30torr in
the A-region; (b) the (t + h)-BN plate prepared at T, = 2000°C, P, = Storr in the D-region.
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Figure 10 SEM-photographs at a high magnification of the deposition surface of the CVD-BN plates. (a) The t-BN plate prepared at a
Ty = 1400°C, P, = 30torr in the A-region; (b) the t-BN plate prepared at a Ty, = 2000°C, P, = 30torr in the B-region: (c) the
{t + t')-BN plate prepared at a Tj,, = 1400°C, P, = Storr in the C-region; (d) the (t + h)-BN plate prepared at a T}, = 2000°C,

P, = 5torr in the D-region.

rates by mixing SiCl, and NH; at a position 20 mm
away from the substrate. For the BCL,-NH; and
SiCl,—NH,; systems, since intermediates are readily
formed, structures of the intermediates may vary
according to the mixing methods. The variation in
structure of the intermediates seems to affect the crys-
tallinity of the deposits and the deposition rate. For
the BCL,—NHj, system, Clerc and Gerlach [4] reported
that the deposit was powder at a P, above 2torr.
Moreover, Malé and Salanoubat [5], and Basche and
Shiff [3] showed that the optimum P, , for the prep-
aration of a CVD-BN body was 1 to 2torr. In the
present experiments, however, CVD-BN plates with
good crystallinity were successfully obtained at a P,
of Storr by adopting our original mixing method.

4.2. Crystal structure of CVD-BN piate

BN has five different structures: h-BN (hexagonal),
r-BN (thombohedral) and a-BN (amorphous, includ-
ing turbostratic structure t-BN) at ordinary press-
ure; w-BN (wurtzite-type) and c- or z-BN (cubic or
zincblende-type) at high pressure. It has recently been
reported that a high pressure phase BN (thin film) was
obtained from the vapour phase using plasma or ion-
beam techniques [37-39]; however, the common
thermal CVD method only yields ordinary pressure
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phases (Table I). Many researchers report that CVD-
BN is t-BN with a ¢,/2 larger than that of h-BN. No
systematic studies on the effect of the deposition
condition regarding c,/2 and Lc of CVD-BN have yet
been made. The reported values of ¢,/2 and Lc¢ are
listed in Table I. The term “turbostratic structure (t-)”
is applied to the three-dimensionally disordered struc-
ture with two-dimensional ordering [40]. t-BN is
characterized by an X-ray diffraction pattern yielding
no (k1) reflections. Takahashi et al. [20-22] reported
that the CVD-BN formed on iron and nickel substrates
were well-crystallized BN with ¢,/2 of 0.333 nm; how-
ever, no reference was made to the (hk/) reflections
which are indicative of three-dimensional ordering.
In the present experiments, a t-BN plate was
obtained in all cases at a P, above 10 torr. The ¢,/2 of
t-BN decreased and Lc increased as T, increased.
Nakamura and Arai [41] obtained t-BN powder by
heat-treating the intermediates obtained by the reaction
of BCl; and NH, gases at room temperature. The
reported values of ¢,/2 and Lc for the t-BN are as
follows: ¢,/2 = 0.36nm and Lc¢ = 1.5nm for heat
treatment at 1200°C for 2h; ¢,/2 = 0.34nm and
Lc. = 10.0nm at 2000° C for 2h. Both values are in
good agreement with the T, dependence of ¢,/2 and
Lec of the present t-BN obtained at a P, above 10 torr.



Figure 1] SEM-photographs of the fracture surface of the CVD-BN plates. (a) The t-BN plate prepared at a Ty, = 1400°C, P, = 30torr
in the A-region; (b) the t-BN plate prepared at a T,,, = 1800°C, P, = 30torr in the B-region; (c) the (t + t')-BN plate prepared at a
Ty, = 1400°C, P, = Storr in the C-region; (d) the (t + h)-BN plate prepared at a Ty, = 1800°C, P, = 5torr in the D-region.

Tagawa and Ishii [35] also investigated the effects of
heat treatment on ¢,/2 and Lc¢ of powder prepared by
the BCL,—NH; reaction, and observed a similar tem-
perature dependence. The above results indicate that
the formation of a t-BN plate at a P,,, above 10torr
proceeds as follows: cluster (aggregate of polymers)
formation in vapour phase — adsorption of cluster
on the solid surface — decomposition of cluster due
to heating.

Ata P of Storr, a CVD-BN plate formed at a T,
of 1300 to 1600° C was a mixture of two kinds of t-BN
different in ¢,/2, whereas that formed at a Ty, of 1700
to 2000° C was a mixture of t-BN and h-BN. Takahashi

TABLE 1 Literature data on the crystal structure of CVD-BN

et al. [20-22] obtained a mixture of t-BN and h-BN on
iron and nickel substrates at a Ty, of 1000 to 1200° C.
However, from the fact that their T, was very low
and because the t'-BN obtained at a T, of 1300 to
1400° C in the present experiment had a ¢,/2 close to
that of h-BN but had no (k k) reflections, their h-BN
may be t'~BN.

A slight shoulder was observed at 28 = 45.5%in the
(10) band of (t + t')-BN obtained at a T}, of 1500 to
1600° C (Fig. 4c), which did not correspond to the
(100), (101) or (102) reflections of h-BN. The
shoulder not only appeared in the powdered samples
but was also observed in the plate samiples. Herold

Reference Reactants/carrier Toep P, Structure
0 (torr)

¢/2(nm) Le(nm)
Adams and Capio [14] B,H, + NH,/N, 250-600 0.3-0.5 (Amorphous) 2.5
Miyamoto ez ai. [15] B,H, + NH,/H, 300 0.4 (Amorphous)
Murarka et al. [13] B,H, + NH;/Ar + H, 300900 760 {Amorphous)
Rand and Roberts [g] B,H; + NH,/H, 600-900 760 ((00 2)broad) 1.0-6.5
Hyder and Yep [11] B,H, + NH;/H, 700-1000 0.3-1 (Better crystalline)
Hirayama and Shono [10] B,H, + NH;/H, 700-1250 760 0.334
Motojima et al. [24] BCl, + NH;/Ar + H, 250-700 760 (Amorphous)
Takahashi et al. [20-22] BCl, + NH;/Ar + H, 800-1200 760 0.333, 0.35 > 100.0, 2.0
Koide et al. [18] BCl, + NH;/N, 900-1050 760 0.35-0.37 1.6-3.3
Malé and Salanoubat [5] BCl; + NH, 1450-1800 0.1-10 (Hexagonal form)
Clerc and Gerlach [4] BCl; + NH;/H, 1550-1850 0.8-22 (Anisotropic)
Basche and Shiff [3] BCl, + NH,/? 1900 1 0.336-0.343 5.0-10.0
This work BCl;, + NH,/H, 1200-2000 5-60 0.333-0.36 1.0->100.0
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et al. [42] reported 1-BN (rhombohedral BN) with a
lattice constant @ = 0.2504nm and ¢ = 1.001 nm (in
hexagonal indices) by melting B,0; or Na,B,0, with
KCN. Ishii et al. [43] heated the h-BN powder includ-
ing oxygen in a graphite crucible in a N, atmosphere
in a temperature range from 1750 to 2100°C, and
showed the formation of filamentary crystals of r-BN
{(a = 0.252nm, ¢ = 1.002nm) on the furnace wall at
about 1500° C. r-BN yielded peaks at 20 of 42.6° and
45.5° in the (1 0) band of t-BN. As seen in Fig. 4c, the
peak of r-BN overlaps with that of the (10) band of
t-BN at 26 of 42.6°, while the peak position of 26 of
45.5° is in good agreement with that of the shoulder
(20 = 45.5°). Thus, it may be said that r-BN is
included in (t + t")-BN. The structure of the commer-
cially available CVD-BN (Union Carbide Corp.) is the
same as that of the mixture of t-BN and h-BN obtained
in the D-region.

t-BN obtained by the CVD method does not crys-
tallize to h-BN by heat treatment up to 2200° C [44].
Crystallization occurs only at temperatures of at least
2300° C, under high pressures [44]. As shown in Fig. 6,
the t'-BN formed at a P, of Storr and a T, below
1600° C, yielding the (00/7), reflections, had a smaller
¢y/2 than that of the t-BN formed at a P, above
10torr and a Ty, of 2000° C. It is concluded that the
variation in the crystal structures of the CVD-BN
plates are not related to heat treatment after deposition.
The crystal structure (t, t', h) of the CVD-BN plates
markedly depends on the CVD conditions such as P,
and Ty, as described above. At a P, of 10torr and a
T, of 1800°C, t-BN alone was formed as shown in
Fig. 6, whereas h-BN was co-deposited by changing
the gas-flow rate. Moreover, the change in gas-flow
profile enabled preferential deposition of h-BN at the
conditions for co-deposition of t-BN and h-BN.
Fig. 12 is the X-ray diffraction pattern of the CVD-BN
plate mainly consisting of h-BN, which was synthesized
by changing the gas-flow profile at a T}, of 2000°C
and a P, of Storr. Fig. 13 is an SEM photograph
of this CVD-BN plate (Fig. 12). It exhibits well-
crystallized surface morphology, with each grain
characterized by five-fold symmetry. The above
results suggest that the variations in crystal structure
of CVD-BN (t, t’, h) depend markedly on the formation
processes.

(004)

L ! ) 1 i -

35 40 45 50 55 60
26

Figure 12 X-ray diffraction pattern of the CVD-BN plate consisting
predominantly of h-BN.
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Figure 13 SEM-photograph of the deposition surface of the CVD-
BN plate consisting predominantly of h-BN.

4.3. Microstructure of CVD-BN plate
Motojima et al. [24], Gafri et al. [19] and Takahashi
et al. [20] indicated that the surface structure of CVD-
BN was pebble-like. CVD-carbon, which has similar
crystal structure to CVD-BN, also shows the pebble-
like structure [45). However, no researchers have
reported the surface structure of CVD-BN or CVD-
carbon which is composed of crystal facets. If a CVD-
BN plate is a crystalline deposit and is composed of
large crystallites, crystal facets should be observed on
the surface. In this work, the surface structure com-
posed of pyramidal pentagonal facets was observed on
the CVD-BN plate consisting predominantly of h-BN
as shown in Fig. 13, although the pebble structure
(similar to Fig. 9b) was observed at low magnification.
On the other hand, facets were not found in every t-BN
plate even at high magnification.

A pebble in a t-BN plate is composed of fine grains
under 0.1 ym in diameter independent of T,,. A carbon
black cluster, prepared by pyrolysis of hydrocarbon
gas, is a spherical particle of several tens of nanometers
in diameter [40]. Therefore, the fine grain shown in
Figs. 10a and b may reflect the “cluster” mentioned in
section 4.4. This implies that t-BN is formed by depo-
sition of clusters grown in a vapour phase. In contrast
to a t-BN plate, the surface structure of a (t + h)-BN
plate is composed of larger grains, as the result of the
co-existence of h-BN. The deposition surface of an
h-BN plate shows the facet structure. This indicates
that the deposition of h-BN occurs without first
forming clusters.

Shiff [46] reported that the fracture surface of
anisotropic CVD-BN showed a laminar structure. In
this work, similarly, a laminar structure was clearly
observed in the CVD-BN plates formed in the B-, C-



Figure 14 SEM-photographs of the fracture surface at a high magnification. (a) The (t + t')-BN plate prepared at a T, = 1400°C,

P,

and D-regions in Fig. 3 (Figs. 11b to d). However, the
fracture surface of t-BN obtained in the A-region
showed a glass-like fracture behaviour. This implies
that t-BN is rather isotropic (Fig. 11a). This result
closely corresponds to the result of the X-ray diffraction
analysis (Fig. 8). Fig. 8 reveals that at a P, above
10 torr, a higher T, gave stronger orientation in the
CVD-BN plates. This is consistent with the case
observed on the CVD-carbon [47]. At a P, of 5Storr,
however, low-T,,, deposits of (t + t)-BN exhibited
stronger orientation than high-T,, deposits of
(t + h)-BN. This phenomenon cannot yet be explained
satisfactorily, but the difference in orientation between
the (t + t')-BN plates and the (t + h)-BN plates
indicated in Fig. 8 appears also in the microstructure
of their fracture surfaces. Fig. 14 is an SEM photo-
graph at high magnification ( x 5 000), which confirms
the difference between the (t + t')-BN plates and the
(t + h)-BN plates, though both showed laminar
structures in Fig. 11. The (t + t)-BN plate in
Fig. 14a shows a well-composed laminar structure,
whereas the (t -+ h}-BN plate in Fig. 14b shows finely
rippled layers. The degree of orientation of the
(t + h)-BN plate shown in Fig. 8 is explained as a
result of the microscopically-random orientation of
the crystallites, although it has a macroscopically-
laminar structure.

5. Conclusions

A CVD-BN plate was synthesized by the cold wall
CVD method using the BCIL,-NH,-H, gas system,
and the effects of T, and P, on the structures were
investigated. The conclusions are as follows:

1. 0.2 to 1 mm-thick CVD-BN plates were obtained.
Transparent, semi-transparent, and opaque-white
plates formed depending on the deposition conditions.

2. The crystal structure of the deposits was affected
by P, and T,,. t-BN was obtained at a P, of 10 to
60 torr and a T, of 1200 to 2000°C, and ¢,/2 was
smaller for higher T,.

3. At a P, of 5torr, a crystallographic mixture of
two different kinds of BN was formed. t-BN and h-BN
co-deposited at a Ty, above 1700° C, whereas a mixture
of two kinds of t-BN different in ¢,/2 [(t + t)-BN
plate] deposited at a Ty, below 1600° C. The structur-
ally different BN was considered to form due to dif-
ferent deposition processes.

o = Storr in the C-regior; (b) the (t + h)-BN plate prepared at a T, = 1800°C, F,, = Storr in the D-region.

4. It was suggested that r-BN was included in a
(t + t)-BN plate formed at a P, of Storr and a T},
of 1500 to 1600° C.

5. h-BN and t-BN co-deposited at a P, of Storr
and a T, above 1700°C; however, a preferential
deposition of h-BN was also possible. The surface
structure of the h-BN plate was characterized by five-
fold symmetry.

6. At both conditions: F,,, = Storr, T, = 1300 to
2000° C; and P,,, = 10 to 60torr, Ty, = 1600°C, an
anisotropic CVD-BN plate with a c¢-plane oriented
parallel to the deposition surface was obtained, whereas
an isotropic CVD-BN plate deposited at a £, of 20 to
60 torr and a T, below 1400°C. Strongly oriented
CVD-BN plates showed laminar structures, whereas
an isotropic CVD-BN plate exhibited a glass-like
fracture surface.

7. The as-deposited surface of the CVD-BN plates
showed a pebble-like structure. The pebble was com-
posed of fine grains of several tens to several hundred
nanometers in diameter.
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