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A study is made on the density and deposition rate characteristics of chemical-vapour- 
deposited boron nitride (CVD-BN) plates synthesized by use of the BCI3-NH3-H 2 system at 
a deposition temperature (Tdep) of 1200 tO 2000° C and a total gas pressure (Ptot) of 5 to 
60torr. At a Ptot of 5torr, all the CVD-BN plates synthesized at each Tde p above 1300°C had a 
density greater than 2.0gcm 3, and thus showed no noticeable dependence on /'de p. Over the 
Ptot range from 10 to 60torr, on the other hand, the density of the plates reached the maxi- 
mum of 2.08 g cm -3 at a /'de p of 2000 ° C. AS Tde p w a s  lowered, the density decreased down to a 
minimum of 1.40 g cm -3. The deposition rate varied with both Tde p and Ptot, and showed a 
maximum value under a certain Ptot at a given /'de ~. The value of Ptot where the deposition rate 
becomes maximum changed depending on the Toe d . The maximum deposition rate was 
0.6 mm h -1 for the CVD-BN plates when the density was less than 2.0gcm 3, and 0.4mm h -1 
when the density was above 2.0 g cm -3. The effects of deposition conditions on the charac- 
teristics of density and deposition rate are discussed in terms of the structure and deposition 
mechanism. 

1. I n t r o d u c t i o n  
The method of chemical vapour deposition (CVD) is 
a well-known technique for coating and producing 
thin films. However, the CVD method has recently 
become recognized as an effective method in produc- 
ing a free-standing body with high chemical purity 
and high density from materials which are not easily 
sintered, such as nitride and carbide. In producing 
free-standing bodies by the CVD method a rapid 
deposition rate was attained by controlling the gas 
flow pattern. For example, free-standing bodies of 
C V D - S i 3 N  4 with a thickness of 4 to 5 mm were obtained 
under a maximum deposition rate of 1.2mrnh i [1]. 

Much attention has been paid recently to obtain- 
ing a high deposition rate of CVD-BN because free- 
standing bodies of CVD-BN are useful as crucibles for 
the growing of GaAs and as structural materials for 
equipment in the field of semiconductors. 

Most studies on the synthesis of CVD-BN in the 
past have concentrated on processes using the B 2 H  6-  

NH3 and BC13-NH3 systems. The former has been 
utilized for manufacturing thin films while the latter is 
used for producing free-standing bodies as well as 
thick films. For CVD-BN thin-film synthesis with the 
B2H6 N H  3 system, the effects of deposition con- 
ditions on properties and deposition rate have been 
investigated in detail [2-9]. However, in the produc- 
tion of free-standing bodies by use of the BC13-NH3 
system there is little information available for a similar 

relationship between the deposition conditions and 
the product properties and deposition rate of CVD-BN. 

The present authors have previously reported results 
on the structures of CVD-BN plates prepared under 
various deposition conditions by using the BC13- 
NH3-H2 system [10]. The present paper describes the 
results of a study concerning the effects of deposition 
temperature and total gas pressure on the density and 
deposition rate of CVD-BN plates. 

2. Experimental procedure 
2.1. Synthesis of CVD-BN plate 
BC13 , N H  3 a n d  n 2 gases were used to synthesize CVD- 
BN plate (about 30mm x 10mm x 0.2 to 1 ram) on 
a graphite substrate which was heated directly by 
an electric current. Details of the synthesis pro- 
cedure have been described in the previous paper 
[10]. The deposition conditions are summarized in 
Table I. CVD-BN plates having various structures 
were obtained depending on the deposition tem- 
perature (Tdep) and the total gas pressure (Ptot), as 
shown in Fig. 1 [10]. CVD-BN plates obtained in the 
A and B regions in Fig. 1 were transparent turbo- 
stratic BN (t-BN) [11] with isotropic properties and 
semi-transparent t-BN with anisotropic properties, 
respectively. In the C region, a mixture of two kinds of 
t-BN having different interlayer spacings (c0/2) was 
deposited. This CVD-BN plate was either semi- 
transparent or white opaque material and was denoted 
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Figure 1 Effects of T d e  p and Ptot on the crystal structure of CVD-BN 
plate [10]. Type A, isotropic t-BN (turbostratic BN); Type B, aniso- 
tropic t-BN; Type C, a mixture of two kinds of t -BN different in c~/2 
((t + t ')-BN, where t" denotes t-BN with a smaller c0/2); Type D, 
a mixture of t-BN and h-BN ((t + h)-BN, where h denotes hex- 
agonal BN). 

as (t + t')-BN, where t-BN with a smaller col2 was 
denoted as t'-BN in order to distinguish it from the 
t-BN with a larger co/2. The deposit obtained in the D 
region was a white opaque plate composed of t-BN 
and hexagonal BN (h-BN) (denoted as (t + h)-BN). 
Both (t + t ')-BN and (t + h)-BN were anisotropic 
plates. CVD-BN plates synthesized under the con- 
ditions shown in Table I were subjected to measure- 
ments of their density and deposition rate in this work. 

2.2. Density of CVD-BN plate 
CVD-BN plate formed on a graphite substrate was 
removed from the substrate, and the small amount of 
graphite remaining on the CVD-BN plate was com- 
pletely removed using emery paper (Nos 800 and 
1500). The bulk density of CVD-BN plate (about 
30mm (or 10mm) × 10mm × 0.2 to l mm) was 
measured by the Archimedean method using toluene. 
The specific gravity of toluene was corrected for the 
proper temperature. 

2.3. Deposit ion rate of CVD-BN plate 
The weight of CVD-BN plate (Wmg) was determined 
by subtracting the weight of the substrate from the 
weight of the original deposit and substrate. As seen 
from Fig. 2, the weight of CVD-BN plate increased 
linearly with the deposition time. Accordingly, the 
deposition rate constant (Kmgmm-2h  -1) is cal- 
culated from the relationship K = (W/S)/t, where S 
and t are the surface area of the substrate (mm 2) and 
the deposition time (h), respectively. In addition, the 

T A B L E  I The preparation conditions of CVD-BN plate 

Deposition temperature, Tdop (o C) 1200 to 2000 
Total gas pressure,/ 'tot (torr) 5 to 60 
Gas flow rate, (cm 3 min - t )  

NH 3 90 
BCI 3 140 
H 2 670 

Deposition time, t (h) 1 to 9 
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Figure 2 Time dependence of weight increase of CVD-BN plate at 
Ptot = 10torr and Td.p = (O) 1400, (O) 1800°C. 

average rate of increase in thickness (L mm h -~) was 
calculated from the following equation in terms of K 
and the density of the plate (Qgcm-3): L = K/O. For 
some CVD-BN plates, the thickness was determined 
by averaging the ten values measured across the cross- 
section using a travelling microscope and then cal- 
culating the rate of increase in thickness. The rate 
obtained from thickness measurements agreed closely 
with the L value calculated from the above equation. 

Under a P~ot of 60 torr, the thickness varied along 
the gas stream path as reported in the previous paper 
[10]. For example, the CVD-BN plate obtained at 
60 torr and 1600 ° C had a thickness at the end part of 
the plate under the upper stream of source gases of 
about 2.7 times that of the centre portion of the CVD- 
BN plate. Although the L values of the CVD-BN plate 
formed at 60torr are not good representations for 
actual shapes of the plates, they are included in Fig. 5 
as reference data to be compared with the results 
obtained under other preparation conditions. 

3. Results 
3.1. Bulk density 
Fig. 3 shows the effect of total gas pressure (Ptot) 
on the density of CVD-BN plate. As shown in Fig. 3, 
the CVD-BN plate obtained at 5 torr had the highest 
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Figure 3 Effect of e t o t  o n  the bulk density of CVD-BN plate. 
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Figure 5 Effect of Ptot on the rate of increase in thickness of CVD- 
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Figure 4 Effect of Td~ p on the bulk density of CVD-BN plate. (rq) 
Commercially obtainable CVD-BN (Union Carbide Corp.). 
P,o, = (o)  5, (o)  10, (x) 20, (A) 30, (zx) 60 torr. 

density, and the density of CVD-BN plate was 
decreased as P~o~ increased. The rate of density change 
is remarkable at the lower deposition temperatures 
(T~). 

The effect of Taep on the density is shown in Fig. 4. 
It can be seen from Fig. 4 that above Tamp = 1300°C 
the CVD-BN plate synthesized at 5 torr has a density 
of more than 2.0 g cm 3, almost independent of Td~v. 
As reported in the previous paper [10], the CVD-BN 
plate obtained at 5 torr (C and D regions in Fig. 1) was 
a mixture of two kinds of BN with different interlayer 
spacings (c0/2). On the other hand the CVD-BN plates 
prepared at above 10 torr (A and B regions in Fig. 1) 
consisted solely of turbostratic BN (t-BN) [10], and 
had a lower density at a lower Td~p. 

In the present study, the density of  CVD-BN plate 
reached a maximum of 2.14gcm 3 at 2000°C and 
5 torr, where t-BN and h-BN were co-deposited. The 
t-BN plates deposited in the A region in Fig. 1 were 
transparent, isotropic and glassy, having a low density. 
The minimum density for CVD-BN plate measured in 
this work was 1.40gcm 3. This value was obtained 
for the sample produced at 1200 to 1400 ° C and 20 to 
30 torr in the A region. Theoretically, h-BN has been 
reported to have a density of  2.27gcm 3 [12]. The 
bulk densities of  the CVD-BN plates obtained in this 
work correspond to 62 to 94% of the theoretical values. 

3.2. Deposition rate 
Changes in the rate of increase of thickness for CVD- 
BN plate with Ptot are illustrated in Fig. 5. As can 
be seen in Fig. 5, the maximum rate of increase in 
thickness was 0.6 mm h-1 and was obtained at 30 torr 
and 1600 ° C. This CVD-BN plate had a density of  
1.6gcm -3 and consisted of t-BN. Higher-density 
plates of above 2.0 gcm 3 were deposited with a rate 
of 0.4 mm h-  ~ at 2000 ° C and 10 torr. CVD-BN plate 
having a similar structure (mixture of t-BN and h-BN) 
and density (greater than 2.1 gcm -3) to those of the 
commercially available CVD-BN free-standing body 
was obtained in the D region and its highest rate of 
increase in thickness was found to be 0.17 mm h -~ . 

Fig. 6 shows the effect of P~ot on the deposition rate 
constant (K) of CVD-BN plate. The deposition rate 
constant initially increased with increase in Ptot until it 
reached the maximum at a certain P~ot. It is also seen 
that the Pto~ value which gives a maximum deposition 
rate constant at a given Tdev is larger for a lower Tdev. 

Fig. 7 shows an Arrhenius plot of the deposition 
rate constant against the reciprocal of Tdep under 
various pressures P~ot. The values observed at 
Ptot = 20 to 60 torr have a definite maximum. In these 
curves, the value of Taep at which a maximum occur 
changes depending on Ptot; for example, the maximum 
deposition rate constant at higher Ptot values is found at 
lower values of Tamp. At P~o~ = 5 and 10torr, linear 
relations are observed for temperatures below 1400 ° C. 
From the gradients of these linear portions, the acti- 
vation energy of CVD-BN formation was calculated 
to be 32kcalmol -~ (134kJmol-~).  

4. D i s c u s s i o n  
4.1. Dens i ty  of  CV D -BN  pla te  
Basche [13] reported that his experiments showed 
densities of  1.99 to 2.20gcm -3 at deposition tem- 
perature of 1850 to 2200 ° C and 1.45 gcm -3 at 1450 ° C 
for CVD-BN synthesized by using the BClg-NH3 sys- 
tem. Archer [14] mentioned in his review that CVD-BN 
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Figure 7 Arrhenius plot of the deposition rate constant of CVD-BN 
plate. P,o~ = (e)  5, (0) 10, (x) 20, (a) 30, (zx) 60tort. 

prepared at 1820 to 1920°C by using the BX3- 
NH3 system had a density of 1.85 to 2.05gcm 3, and 
Pierson [15] referred to the observation that CVD-BN 
prepared at 1200°C by using the BC13-NH 3 system 
had a density of 1.42gcm -3. These values of the 
densities are consistent with the results of the present 
work. However, there seems to be no known work 
which studied the density change in terms of the 
deposition conditions, or which reveals the relation- 
ship between the density and structure of CVD-BN 
plate. The present work has clearly demonstrated that 
various CVD-BN plates with densities in the range 
1.40 to 2.14 g cm -3 are obtainable by proper control of 
the deposition conditions, and furthermore it was 
shown that the application of a different Ptot will result 
in a different density at the same Tdop (Fig. 3). The 
finding that even at a low Tdep of 1300 ° C the resulting 
deposit can have a high density of greater than 
2.0gcm -3 when the applied pressure is below 5 torr 
has never been reported prior to this work, and is to 
be noted. The two different Tdep dependences of den- 
sity for the deposits formed at 5 torr and above 10 torr 
(Fig. 4) may be related to the deposition mechanisms 
of these CVD-BN plates as will be discussed later. 

Economy and Anderson [16] synthesized BN fibre 
by reducing and nitriding boron oxide with ammonia 
and examined the relationship between the interlayer 
spacing of the c plane (c0/2) and the density of the BN 
fibre. Fig. 8 compares their results (dotted line) with 
those obtained in the present work (solid line). No 
data for the CVD-BN plate obtained at 5 torr are 
plotted in Fig. 8 because the data contain two kinds of 
BN having different value of Co/2. The theoretical 
value of the density for hexagonal BN can be calcu- 
lated based on its lattice constants as 2.27gcm 3. 
However, BN plate prepared by the CVD method 
mainly consists of t-BN with a larger Co/2. A density 
change corresponding to such a large co/2 (from 
(0 0 2)) was calculated under the assumption that the 
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value of a 0 of 0.2540nm reported by Pease [12] 
remains valid [17], and the results are shown as a 
dashed line in Fig. 8. The difference between the cal- 
culated and measured densities is due to the existence 
of internal pores. Thus, Fig. 8 suggests that the CVD- 
BN plate composed of BN crystallites with a larger 
co/2 contains a large number of internal pores. Our 
results agreed with those of Economy and Anderson 
[16] at relatively large Co/2 (about 0.35 nm). A larger 
difference between Economy and Anderson's results 
and the calculated theoretical density at smaller Co/2 
than the corresponding difference for the present work 
suggests that the CVD-BN plate obtained in this study 
appeared to contain a smaller number of internal 
pores than the BN fibre of Economy and Anderson at 
a small Co/2. It can be concluded from these findings 
that Co/2 is not the only factor that determines the bulk 
density of CVD-BN plate. The BN fibre was reported 
to be isotropic [16], whereas the CVD-BN plate with 
small values of co/2 was highly oriented [10]. This fact 
suggests that the geometrical arrangement of BN crys- 
tallites also plays an important role in determining the 
bulk density and internal porosity of CVD-BN plate. 

In studying the relationship between the density and 
the structure of CVD-BN, it will be useful to examine 
previous studies conducted on carbon materials which 
have a similar structure to that of boron nitride. In a 
study on CVD-carbon, Hirai and Yajima [18] have 
calculated the internal porosity (i.p.) by the following 
equation: i.p. = 100 (d - Q)/d (%), where ~ is the 
observed density and d is the calculated density based 
on Co/2. The value ofi.p, for CVD-carbon varied from 
a few per cent up to 45% depending on the prepar- 
ation conditions [18]. It was speculated that the inter- 
nal pores in CVD-carbon with a large i.p. (45%) were 
microvoids of about 9 nm diameter, and also pointed 
out that low-density CVD-carbon had a larger Co/2 
value, smaller apparent crystallite size and lower crys- 
tallite orientation compared with those of high- 
density CVD-carbon. From these findings, the models 
shown in Figs 9a and b were proposed for the arrange- 
ment of crystallites in the low- and high-density CVD- 
carbon, respectively [18]. For glassy carbon, Jenkins 
et al. [19] proposed a fibril structure which consisted 
of intertwined microfibrils comprising stacks of 
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(a)Low density ( 

Substrate 

b)High density 

<//////////, 
Substrate 

Figure 9 Schematic diagram of configuration of crystallites (after 
Hirai and Yajima [181). 

narrow graphitic ribbons. Since microvoids are inevit- 
able in the fibril structure, carbon with such a struc- 
ture has a low density. The structure shown in Fig. 9a 
may be regarded as a simplified representation of the 
fibril structure. 

The same equation for i.p. was also applied to 
evaluate the internal porosity of two of the CVD-BN 
plates prepared in this work, in particular the one with 
the highest density of 2.14 g cm -3 and the other with 
the lowest density of 1 .40gcm-) .  The results gave 
internal porosities of 3.6 and 34%, respectively. The 
low-density CVD-BN plate (~ = 1.40 g cm -3) obtained 
in the A region had a smaller apparent crystallite size 
in the c-direction (Lc) and showed only a slight crys- 
tallite orientation, as compared with the CVD-BN 
plate formed in the other regions [10]. These features 
are similar to those of the low-density CVD-carbon. 
Furthermore, the CVD-BN plate formed in the A 
region was transparent in spite of its low density, 
suggesting that its internal pores were in the form of 
microvoids with diameters of the order of 10nm, 
which is similar to that found for CVD-carbon. 
Therefore, the structure of transparent CVD-BN plate 
with a low density probably has the arrangement of 
crystallites as shown in Fig. 9a or possibly the fibril 
structure. 

For the CVD-BN plate formed under 5torr,  the 
crystallites were highly oriented and the densities were 
high, even at 1300 ° C. However, the CVD-BN plates 
obtained at above 10 torr and a temperature between 
1600 and 1800 ° C had relatively low densities of 1.5 to 
1.9 g cm -3 (see Fig. 3) despite the fact that their struc- 
tures showed preferred orientation. These results may 
be explained in terms of a difference in the formation 
mechanism of CVD-BN plate. As discussed in the 
previous paper [10], the formation of t-BN plate at 
above 10 torr proceeds as follows: cluster (aggregate 
of polymers) formation in vapour phase --* adsorption 
of cluster on a deposition surface --* decomposition of 
cluster due to heating. When rearrangement and 
growth of a crystallite (nucleus) adsorbed on the 
deposition surface do not take place, or when those 
rates are markedly slower in comparison to the 
adsorption rates of gaseous intermediates, the struc- 
ture shown in Fig. 9a is constructed. A cluster, which 
is an aggregate of polymers, makes little contribution 
to the growth o fa  crystallite on the deposition surface. 
Since rearrangement activity of a crystallite should 
increase with an increase in Tdep, the density of  the 
CVD-BN plate obtained at above 10torr become 
influenced by the value of T~ep. However, the contri- 
bution of rearrangement to densification is rather 

small, so that the CVD-BN plate formed through the 
above process has a relatively low density. 

Under 5 torr, the CVD-BN plate obtained was com- 
posed of two kinds of BN differing in co/2, and it was 
suggested that BN with a small co/2 (t' or h) is 
deposited through a different deposition process from 
that of  t-BN formed at above 10 torr [10]. BN crystal- 
lites with a small Co/2 are probably formed by the 
following process: adsorption of  gaseous species with 
low molecular weight on a deposition surface --* surface 
diffusion and growth of crystallite (nucleus). When the 
growth of crystallite occurs on a deposition surface, 
CVD-BN plate has a high density because of the filling 
up microvoids created by rearrangement of crystallites 
or desorption of product gases. Thus, it can be con- 
cluded that for CVD-BN plate obtained at 5 torr the 
deposition of the BN crystallites having a small inter- 
layer spacing makes a great contribution to the in- 
crease in its density. 

4.2.  D ep o s i t i o n  rate 
Most of the studies on the synthesis of CVD-BN have 
had the objective of  producing thin films. The rate of 
increase in thickness reported in these works ranged 
from a few to several tens of micrometres per hour 
[2-8]. For  flee-standing bodies of CVD-BN, Basche 
[13] reported the rate of increase in thickness of 
0 .38mmh -1 (unknown conditions for deposition) 
while Clerc and Gerlach [20] reported 0.4mm h i at 
1680°C and l torr. However, they did not report 
either structures or densities for the CVD-BN 
produced at these rates, and thus it is rather difficult 
to make a detailed comparison with their results and 
the results obtained in the present experiments. 

Mal6 and Salanoubat [21] investigated the Ptot 
dependence of the deposition rate at 1700 ° C by using 
the BC13-NH 3 system and reported that the deposition 
rate was highest at 2torr.  According to Clerc and 
Gerlach [20], the rate of increase in thickness of CVD- 
BN formed from the BC13-NH3-H2-He system 
reached a maximum at 1 tore  In the present study, on 
the other hand, the Ptot which gave a maximum 
deposition rate was found to be 20 torr at 1800 ° C and 
30torr at 1600°C. Though these findings are some- 
what inconsistent with the results cited above, both 
their work and this study found that the deposition 
rate first increased with an increase in Ptot up to its 
maximum value and then it began to decrease. An 
increase in Ptot leads to an increase in the number of 
the reactant gas molecules, and as a consequence the 
deposition will be promoted. A further increase of  Ptot 
will initiate homogeneous vapour phase reaction to 
form a powder product [22]. Thus, a further increase 
of deposition rate is restrained. The finding that a 
higher P~ot is needed to attain the maximum deposition 
rate compared to the other past work may be caused 
by a combination of two facts; first, the present work 
used a cold-wall CVD apparatus, and secondly it used 
a gas introduction technique in which BC13 and NH3 
were mixed in the very close vicinity of the substrate. 

The temperature dependence of  the deposition rate 
constant shown in Fig. 7 is consistent with that of the 
generally accepted CVD reaction. That  is, the rate is 
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controlled by the reaction proceeding on the surface 
or in the neighbourhood of a substrate in a low- 
temperature region, and by mass transport in the 
gas stream in a medium-temperature region. On the 
other hand, in a high-temperature region the rate is 
depressed as a result of the formation and growth of 
homogeneous vapour-phase nuclei [23]. The higher 
the P~ot, the higher the probability of mutual collisions 
among reactant gas molecules. Consequently, the 
homogeneous vapour reaction is accelerated even at a 
relatively low Taep, and the Tac p that gives the maxi- 
mum deposition rate may be lower when P~ot is higher 
as shown in Fig. 7. 

For the activation energy of CVD-BN formation, 
Adams and Capio [8] reported values of 20 to 26 kcal 
mol -l (84 to 109kJmol 1) for the B2H6-NH3-H 2 
system at 300 to 340°C, while Nakamura [24] 
presented the value of 6.3 kcal mol-1 (26 kJ mol-~ ) for 
the B~0H~4-NH 3 system at 350 to 700 ° C. There is no 
known work, however, which deals with activation 
energy for the BC13-NH3 (H2) system. A calculation 
based on the linear portions of the curves in Fig. 7 
(1200 to 1400 ° C under 5 and 10 torr) gave an appar- 
ent activation energy of 32 kcal tool- 1 (134 kJ mol-  l ). 
In this region, the rate can be considered to be con- 
trolled by the reactions on or near the deposition 
surface, as previously described. These reactions 
include adsorption of the reactants onto the depo- 
sition surface, their chemical reaction on or near the 
surface, their surface diffusion, and desorption of the 
gaseous reaction byproducts. It is also expected that 
the formation of intermediates, such as BC12, BHC12, 
BC1 [25] and C13B3N3H3 [26], and their polymeriz- 
ation, are taking place in the course of the BN for- 
mation process from BC13 and NH3. Because of the 
complex nature of the reactions involved and the lack 
of data on the bond strength of possible intermediate 
species, it was difficult to identify the elementary reac- 
tion which gave the calculated activation energy of 
32 kcalmol 1. 

5. Conclusions 
1. Various CVD-BN plates having different den- 

sities ranging from the maximum of 2.14 to the mini- 
mum of 1.40gcm =3 were synthesized in this study. 
The CVD-BN plate with the maximum density was 
obtained at a Tde p of 2000 ° C and a Ptot of 5 torr. 

2. All CVD-BN plates obtained at 5 torr and 1300 
to 2000°C had a density above 2 .0gcm 3, and these 
values showed no dependence on Ta0p. 

3. For the CVD-BN plates formed at above 10 torr, 
the density increased as Tdev was increased. 

4. The maximum rate of increase in thickness was 
0 .4mmh -~ for CVD-BN plates with a high density 
above 2 .0gcm 3, and 0 .6mmh -~ for plates with a 
density smaller than 2.0 g cm 3. 

5. The deposition rate varied with Tdcp and Ptot. The 
maximum deposition rate showed a different Ptot at a 
different Tdep, for example, 20torr  at 1800°C and 
30 torr at 1600 ° C. 

6. The apparent activation energy for CVD-BN 
formation was 32 kcal mol-~ (134 kJ mol-~ ) at 1200 to 
1400°C when Ptot was 5 or 10torr. 
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