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Boron nitride (BN) thin films deposited by isopressure and isothermal chemical vapour 
infiltration (ICVI) from BCI3-NH3-N 2 mixtures have been characterized from a physico- 
chemical point of view as functions of both the deposition conditions and the destabilizing 
action of moisture. As-deposited (deposited at 773 K and post-treated at 1273 K), the BN 
films are turbostractic (doo2--0.36 nm, L c =1.5 nm), have a low density (1.4 gcm -3) and 
contain oxygen (about 20 at%). A first oxygen content (191.5 eV by XPS) is inserted in the 
films during the CVI step in relation to the hygroscopy of intermediate solid products and the 
quasi-equilibrium between the formation of BN and B203. A second oxygen content 
(192.5 eV) is due to the hydrolysis of BN by moisture which induces a very drastic 
transformation of BN. This destabilization affects both boron and nitrogen atoms and leads to 
the formation of ammonium borate hydrates. Different post-treatments have been investigated 
to stabilize the BN films and it appears that nitriding under ammonia is the most efficient. 

1. Introduct ion  
Chemical vapour deposition (CVD) of boron nitride 
(BN) has been widely investigated for many years, 
because of the numerous properties associated with 
bulk boron nitride and also the ease of production of 
pure boron nitride by CVD techniques [1]. Boron 
nitride has similar crystalline structures to carbon, 
which leads to similar properties, except that BN has a 
high electrical resistivity, particularly at high temper- 
ature [2]. As in the case of carbon, the thermal CVD 
techniques allow deposition of hexagonal BN or de- 
rived forms (turbostratic or amorphous) [4-6], while 
the deposition of cubic BN would necessitate the 
association of an external excitation source (plasma, 
ion beam or hot filament); however, the deposition of 
well-crystallized cubic BN has never proved to be 
obtained by these techniques, contrary to diamond 
[7]. 

While ammonia has generally been the gaseous 
precursor of nitrogen, a great variety of gaseous boron 
precursors has been used for experiments, but the 
most common ones are B2H 6 and BC13, the former 
being advantageously used for low-temperature de- 
position in relation to its very low chemical stability, 
while the less dangerous latter has been used at higher 
temperatures. However, BF 3 is sometimes preferred to 
BCls for chemical vapour infiltration (CVI) [8-10]. 
On the other hand, in spite of the high chemical 

inertness of dense BN, the CVD-BN deposits are 
sometimes attacked by moisture at room temperature 
[3, 11, 12]. 

In other respects, it has been pointed out that 
ceramic matrix composites (CMC) with no cata- 
strophic failure could be obtained when a weak 
fibre-matrix bonding subsisted after composite pro- 
cessing [13-15]. In this case, the material failure 
results from several contributions: (i) crack propaga- 
tion in the matrix via mode I, (ii) crack deviation at the 
fibre-matrix interface, (iii) crack propagation at this 
interface via mode IL (iv) load transfer from the matrix 
towards the fibres, (v) failure of fibres, and (vi) pull-out 
of fibres. Phenomena (ii), (iii), (iv) and (vi) which do not 
exist in brittle failure, increase the failure energy 
greatly, resulting in both high toughness and strength. 
This weak fibre-matrix bonding could be the result of 
the densification process itself (formation of a carbon 
layer) [16] or of the deposition of a fibre coating 
before densification [17-19]. In this way, the tough- 
ness reliability increases [19] and carbon can be ad- 
vantageously replaced by boron nitride, which is more 
effective under oxidizing atmospheres [10, 18, 20-23]. 
In every case, the interphase has two actions: (i) it is a 
diffusion barrier which prevents the reaction between 
fibre and matrix and does not allow strong bonding 
between fibre and matrix [10]; (ii) it deviates the 
cracks from mode I to II; this point is probably 

0022-2461 �9 1994 Chapman & Hall 1 41 7 



related, on the one hand to the anisotropic structure of 
both hexagonal BN and graphite (in the case of the 
hexagonal BN, the bonding energy between layers is 
reported to be 17 kJmo1-1 while the boron to ni- 
trogen bond strength is reported as 635 kJ mol -  x [8]), 
and on the other hand to the interracial stresses 
generated by the difference of the thermal expansion 
coefficient between the different phases, during 
cooling after matrix infiltration [10]. 

In a previous study, we developed CVI conditions 
to obtain BN deposits on fibres whose thickness was 
uniform over large fibre preforms (150 x 18 x 10 mm 3) 
[24]; here, we characterize, from a physico-chemical 
point of view, the BN films: firstly, as-deposited 
(i.e. deposited and post-treated under standard condi- 
tions), and secondly, taking into account the moisture 
action at room temperature. The analyses of the BN 
films were performed by X-ray photoelectron spectro- 
scopy (XPS), micro-Raman spectroscopy (MRS), 
infrared spectroscopy (IRS), X-ray diffraction (XRD) 
and scanning electron microscopy (SEM). 

2. Experimental procedure 
2.1. Preparation of the BN films 
As mentioned in a previous paper [24], the 
BC13-NH3-H 2 mixtures have been preferred to 
B F 3 - N H 3 - H  2 o n e s t o  prevent the formation of the 
corrosive HF gaseous by-product. However, with 
BC13, the higher reactivity of this mixture produces 
various deposits, at any temperatures, whose chemical 
composition is a function of the temperature; then, 
pure BN is only obtained at sufficiently high temper- 
ature. Thus, our CVI reactor was designed to prevent 
the consumption of the inlet gas upstream of the 
deposition zone, although the formation of a small 
part of intermediate solids could not be completely 
avoided [24]. In spite of this problem, BN films were 
produced under a large range of deposition conditions 
(Table I); an important result of the CVI study with 
the B C l a - N H a - H  2 system is that, to obtain optimal 
BN thickness uniformity inside the whole fibre pre- 
forms, the deposition temperature must be decreased 
to 773 K. 

The analyses have been performed on three kinds of 
samples, i.e. on carbon fibre preforms and on graphite 
bulk substrates, as previously reported [24], and on 
single silicon wafers placed on the top of the fibrous 
preform holder. This third substrate was used because 

in most of the analyses, the great similarity between 
carbon and boron nitride was a drastic drawback for 
the BN films characterization. 

2.2. Th e  cha rac t e r i za t i on  t e c h n i q u e s  
The chemical analyses of the deposits were performed 
by XPS with two spectrometers: the BN films depos- 
ited on carbon substrates (fibrous preforms or bulk 
rings) were investigated using an XPS AEI ES 200 B 
spectrometer (MgK~, 12 kV, 20 mA) under a residual 
pressure of 10 -6 Pa, labelled XPS spectrometer 1, 
while those on silicon wafers were investigated using a 
VG ESCALAB MK II spectrometer (MgK~, 10 kV, 
20 mA) under a residual pressure of 5 10 -s  Pa, label- 
led XPS spectrometer 2. The C1~ core level of the 
hydrocarbon at 284.6 eV was used as an energy cali- 
bration. As a first step, the XPS spectra were decom- 
posed by computer calculation, i.e. the lineshapes of 
individual peaks were fitted to gaussian spectral line 
functions. With both spectrometers, a non-linear 
background was subtracted and the fitting used a non- 
linear least square fitting method. In every case, the 
binding energies are quoted to _+ 0.2 eV and the area 
ratio of the individual peaks (denoted in the text in 
X - Y  terms) to _+ 6%. Secondly, the atomic ratios 
were calculated from the XPS cross-section coeffi- 
cients and the ratio between the total area of the XPS 
peak of two elements (denoted in the text in X/Y  
terms). The analyses were always carried out without 
any surface argon etching because it was reported that 
nitrogen sputtering was greater than that of boron 
[11]; these analyses are thus only representative of the 
external BN surface. 

The BN deposits were also studied by Ill and 
Raman spectroscopy; in these cases, silicon wafers 
were used as substrates. The IRS characterization was 
carried out with a BRUKER IFS 113-C spectrometer 
in reflection mode in the range 100-4500 cm - 1 while 
the Raman characterization was carried out in back- 
scattering configuration using an argon incident laser 
beam and a JOBIN YVON double monochromator  
spectrometer in the range 20-3800 cm -1. In com- 
parison with IRS, this Raman apparatus has the 
advantage of allowing a local analysis (analysed area 
of about 1 gm 2 compared with 1 cm 2 for IRS). 

The morphology of the BN films was examined by 
SEM (CAMBRIDGE Stereoscan 100) and the crystal- 
line structure was determined by XllD (Philipps PW) 
on BN films deposited on silicon wafers. 

TABLE I Preparation conditions for CVI-BN films 

Deposition Deposition Standard Standard 
parameters range deposition post-treatment 

Temperature, T(K) 673-1173 773 1273 
Total pressure, P (kPa) 0.13-13.3 0.27 Vacuum 
Total flow rate, f (kgs  -1) 10-6-21 x 10 -6 3.5x 10 6 0 
Volume flow rate ratios: 

NH3/BC13 0 30 3 0 
H2/BC13 0-100 10 0 

Time, t(h) 2-5 5 2 
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In addition to the analysis of the CVI-BN films, a 
reference sample of hexagonal BN (Cerac Pure Cer- 
tified Chemicals) was examined using all the previous 
techniques. 

3. Results 
The first BN deposition experiments showed that the 
deposits were not stable in air at room temperature; 
i.e. when they were exposed to air, the coated samples 
produced a strong smell of ammonia and their mass 
increased with time. Consequently, the BN deposition 
step was followed by a standard post-treatment with- 
out any exposure to air (Table I) to reduce strongly the 

moisture effect; it consisted in heating the coated 
substrates at 1273 K for 2 h under a primary dynamic 
vacuum (nearly 5 Pa). Thus, generally, the BN films 
were prepared under standard conditions which con- 
sisted of one standard deposition and one standard 
post-treatment (Table I). Further studies of this mois- 
ture effect will be presented in Section 3.2. 

3.1 .  A n a l y s e s  o f  t h e  BN  f i l m s  p r e p a r e d  
u n d e r  s t a n d a r d  c o n d i t i o n s  

In this section, the exposure time in air was not 
controlled, but it was of the order of 1 month. 
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Figure 1 (a-d) Typical XPS spectra recorded from the BN films deposited on a fibrous preform with XPS spectrometer 1. 
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3. 1. I. XPS  quafitative analysis 
Fig. 1 shows a typical XPS record obtained from the 
external surface of a BN film deposited on part of a 
fibrous preform by the XPS spectrometer 1. It reveals 
that the films contain boron, nitrogen, oxygen and 
carbon, but no chlorine. The carbon is frequently 
recorded in XPS and is attributed, in our case, to the 
surface contamination as classically made in XPS 
spectroscopy; but the detection of oxygen with such a 
high intensity, is unexpected (the gaseous precursors 
do not contain any oxygen), although some authors 
detected it in BN deposits synthesized by similar 
processes [10, 11, 25, 26]. An accurate resolution of 
the Bls and Nls spectra shows that each one results 
from several chemical bonds identified with the aid of 
the XPS Handbook [27] (Table II). Boron clearly 
appears to be linked to nitrogen with a binding energy 
(190.5 eV) corresponding to BN, but boron is also 
linked to oxygen in another part with a binding energy 
(of 192.6 eV). Nitrogen is, of course, linked to boron 
for the most important part, with a binding energy 
(397.6 eV) corresponding to BN, but its spectrum 
also shows a weak contribution of an unidentified 
elemental peak at 399.4 eV corresponding to a lower 
atomic charge. The width of the Ols peak is rather 
larger than the others, but it is a classical situation in 
XPS spectroscopy, and moreover its binding energy is 
consistent with the data of Lacrambe [11]; thus no 
systematic decomposition was performed. 

3. 1.2, Influence of the CVI deposition 
parameters 

First, to investigate the BN composition uniformity 
inside a same substrate loading, several elemental 
samples coated with BN in the same experiment were 
analysed (bulk or fibrous, in superior or inferior posi- 
tion in the deposition zone, in internal or external 

position in the preform). Table III shows that al- 
though there are some variations from one place to 
another, the composition of the BN films appears 
nearly uniform: about 20% of boron atoms is linked 
with oxygen atoms, and the other boron atoms are 
linked with nitrogen atoms. Table III also reports the 
composition of the hexagonal BN reference analysed 
by the XPS spectrometer 1. 

The variations of the chemical composition of the 
BN films were investigated as functions of the CVI 
deposition parameters varying over all the range de- 
fined in Table I. From all these analyses, three classes 
can be distinguished which are reported in Table IV: 
(i) most XPS analyses lead to B-N values in the range 
70%-90% (and accordingly B-O values in the range 
10% -30%), the calculation of the average composi- 
tion, composition A, leads to values very close to the 
average analysis reported in Table III; (ii) two XPS 
analyses lead to a composition richer in nitrogen and 
poorer in oxygen (B-O is lower than 10%); they are 
obtained on films deposited at high temperature (1073 
and 1173 K) whose average analysis is composition 
B; (iii) five XPS analyses show that deposits carried 
out at very low total flow rates ( lx  10 - 6  o r  2 
x l0 -6kgs  -1) or with a BC13 excess (NH3/BC13 
= 1/3) have a very strong non-stoichiometry (B-O is 

higher than 30%) whose average analysis is composi- 
tion C. 

From all the results, some general rules can be 
distinguished: B-N and N/B are generally very close, 
O/B is always greater than B-O, oxygen and nitrogen 
contents vary in opposite ways, (O + N)/B is always 
slightly greater than 1 and tends to increase with the 
oxygen content. 

Table V shows the XPS analyses of the five XPS 
analyses reporting B-O values greater than 30%, 
taking into account the computing decomposition of 
the N l s  peak. For each one, the appearance of a 

T A B L E  II Nature and binding energies of the chemical bonds 
detected by XPS analysis from XPS spectrometer 1 

T A B L E  IV Average chemical composition of BN films of the 
three categories A, B and C (all values are presented as percentages) 

A B C 

BI~ Nls O1, O/B 35 20 51 
N/B 81 86 69 

B - N  B-O N - B  N-?  O-?  (O + N ) / B  116 106 120 
B-O 19 08 34 

190.5 eV 192.6 eV 397.6 eV 399.4 eV 531.9 eV B - N  81 92 66 

TAB L E I I I Variations of the chemical composition measured by X PS as a function of the sample position in the deposition zone for a BN 
film prepared under standard CVI conditions 

Place Sup bul Inf bul Sup ext Inf ext Sup int Inf int Average BN ref 

O/B 29 31 39 38 33 33 34 06 
N/B 82 83 85 78 78 83 81 90 
( O + N ) / B  111 114 124 116 111 116 115 96 
B - O  21 21 18 22 17 13 19 0 
B N 79 79 82 78 83 87 81 100 

Notes: Sup bul, superior bulk graphite ring; inf bul, inferior bulk graphite ring; sup ext, superior external fibrous elemental part; inf ext, 
inferior external fibrous elemental part; sup int, superior internal fibrous elemental part; inf int, inferior internal fibrous elemental part (all 
values are presented as percentages). BN ref, the results obtained with the hexagonal BN powder from Cerac Pure Certified Chemicals. 
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T A B L E  V Decomposit ion o f t he  five X P S N ~  peaks obtained f f o m t h e  BNf i tms  classified in the category C in Table IV(all  values are 
presented as percentages) 

NH3/BC13 1 x 10 -6 2 x  10 -6 1 • 10 -6 2 x  10 -6 Average 
= 1/3 kg / s -  kg / s -  kg / s -  kg /s -  

266 Pa 266 Pa 1.33 kPa 1.33 kPa 

O/B 64 47 39 61 45 51 
N/B 61 71 79 64 72 70 
( O + N ) / B  125 118 118 125 117 121 
B - O  36 34 32 36 32 34 
B - N  64 66 68 64 68 66 
N - B  77 65 85 83 84 79 
N - ?  23 35 15 17 16 21 

second nitrogen contribution at a binding energy of 
399.4 eV is evident and the N-?  values which are, on 
average, 21%, are very much higher than those noted 
in the other cases which stay in the range 5% -7 %.  

3. 1.3. Other characterizations 
Fig. 2a shows the XRD pattern of a CVI-BN film 
(1.4 ~tm) deposited on a silicon wafer and, for com- 
parison, the hexagonal BN reference pattern is re- 
ported in Fig. 2b. The CVI-BN film only exhibits a 
very broad halo, corresponding to the space between 
the BN layers, centred at a distance d = 0.36 nm 
greater than for BN reference (do o 2 = 0.333 rim). 
From the Scherrer relation [28] and the measurement 
of the half-width of the broad halo, the size of the BN 
crystallites is nearly 1.5 nm. On the other hand, no 
(1 0) diffraction, corresponding to the cumulation of 
the broad X-rays reflection on both (1 00) and (1 0 1) 

planes, was observed and it was verified that CVI-BN 
fihns whose thickness is lower than 1 lain never pro- 
duced any X-ray diffraction peak. 

Fig. 3a shows the variations of the reflection coeffi- 
cient of the BN films measured by IRS. The two 
typical vibration modes of the hexagonal BN appear 
with low intensities: at 1390 cm -a corresponding to 
the B - N  stretching, and at 790 cm-1 corresponding 
to the B - N - B  bending. Fig. 3b shows the variations of 
the reflection coefficient of the same BN films meas- 
ured after a 60 days ageing at room temperature and 
under an air atmosphere. The same vibrational modes 
subsist, but they have lower intensities and a broad 
peak appears at nearly 1500 cm-a.  A similar absorp- 
tion has been reported by Lacrambe and Dugne who 
attributed it to the formation of B - O  bonds [10, 11]. 

MicroRaman spectroscopy of the CVI-BN films 
shows a vibrational mode at about 1375 cm-~ (due to 
boron and nitrogen atoms moving against each other) 
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Figure 2 XRD patterns of BN: (a) BN film deposited on a silicon wafer (BN thickness 1.4 gm), (b) BN reference. 
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Figure 3 IR spectra showing the variations of the reflection coeffi- 
cient of the BN films deposited on a silicon wafer: (a) without air 
exposure, (b) with an air exposure time of 60 days. 

which increases with the BN thickness (Fig. 4a-c) and 
which is slightly shifted towards high wave numbers in 
comparison with hexagonal BN reference (1365 c m -  1) 
(Fig. 4d); this behaviour is consistent with the study of 
Nemanich who reported that this high-frequency, E2g, 
mode of BN increased when the crystallite size de- 
creases [29]. The second active Raman mode of BN at 
52 c m -  1, due to the whole planes sliding against each 
other, is not observed. 

From a morphological point of view, the CVI-BN 
films are transparent and produce optical reflection 
fringes. When they are deposited on carbon fibres of a 
three-dimensional preform, they constitute a regular 
layer (Fig. 5). The measurements of both the mass and 
the thickness of BN allow estimation of the deposit 
density, which is about  1.4 g c m - 3  when the depos- 
ition is carried out at 773 K 1-24]. This rather low 
density, in comparison with the theoretical density 
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Figure 4 Micro-Raman spectra of the BN films deposited on silicon wafers as function of the film thickness: (a) 0.3 pm, (b) 0.75 pm, (c) 1.4 lam, 
(d) BN reference. 
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Figure 5 Morphology of the BN layer deposited on the fibres of the 
fibrous preform. 

(2.27 g cm -3) is in good agreement with previous 
works r8, 10, 11, 30]. 

3.2. The ef fect  of  moisture on the BN fi lms 
3,2, 1, Preliminary study 
A short study of the BN mass variation was carried 
out before the CVI study to limit the action of 
moisture. 

Fig. 6 reports the average relative mass variations of 
the BN films deposited on the 30 elemental parts of a 
fibrous carbon preform, as a function of air exposure 
time (limited to 48 h) for deposition temperatures in 
the range 773-1273 K and with or without the stand- 
ard post treatment (Table I). It appears that (i) the 

variations of the BN mass increase when the depos- 
ition temperature decreases, (ii) the post-treatment 
reduces this variation, but cannot remove it, (iii) the 
mass variations are identical over all the 30 elemental 
substrates, (iv) the mass variations are similar to those 
reported by Lacrambe [11]. 

The post-treatment was limited to 1273 K to dev- 
elop a BN film process compatible with the BN 
deposition on Nicalon fibres whose mechanical prop- 
erties decrease when they are subjected to higher 
temperatures. The dynamic vacuum allows a pressure 
increase to be noted at the beginning of the post- 
treatment. Otherwise, when the BN films were ex- 
posed to air, the ammonia  smell became very weak. 

On the other hand, after an air exposure time of 
150 h, a second standard post-treatment was carried 
out to simulate the heating at the beginning of the CVI 
densification of the preforms. Table VI shows that the 
BN mass, measured immediately after cooling, de- 
creases, but an effective BN mass increase of nearly 
5% was not removed, in comparison with the initial 
BN mass; after a second air exposure for an identical 
time, the mass variation returns to the previous level. 

3.2.2. Growth o f  the "'destabilization 
crystals'" 

The examination of the BN films after a very long air 
exposure time reveals white crystals. Fig. 7a shows 
one of these growing crystals on a silicon wafer after 
60 days in air while Fig. 7b shows one growing on a 
carbon fibre after 150 days in air; in the latter case, its 
appearance can be bulk (Fig. 7b) or foliated (Fig. 7c). 
Around these crystals, the variation of the coloured 
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Figure 6 Relative mass variations of the BN films deposited on the fibrous preforms as a function of air exposure time for different deposition 
temperatures and with ( + PT) or without ( - PT) the standard post;treatment (Table I). ( • ) 1273 K - PT, ( + ) 1273 K + PT, (�9 873 K 
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T A B L E  VI Variations of BN mass with respect to the initial BN 
(without air exposure) as a function of successive ageing conditions 
(air exposure, heating at 1273 K, air exposure) 

1st air Heating at 2nd air 
exp. (150 h) 1273 K - 2  h exp. (150 h) 

BN mass 11 5 11 
variation (%) 

fringes indicates that the BN is consumed by the 
crystal growth. A similar crystal growth was reported 
by Rand and Roberts [3] who identify them by elec- 
tron diffraction as single-crystal boric acid, and by 
Matsuda [12] who identified them as the ammonium 
borate hydrate (NH4)20.5BzO3.8H20 by IR spec- 
troscopy of BN powder. 

These crystals were examined by MRS to determine 
the nature of the crystals, after verifying by EDAX 
that they do not contain any element heavier than 
neon. MRS was preferred to IRS because it allows a 
local analysis. Fig. 8 shows four Raman spectra, re- 
corded in the range 0-3800 cm-1 on (a) a "destabil- 
ization crystal", (b) di-boron trioxide (Merck), (c) boric 
acid powder (Aldrich Chemical Company, Inc), (d) 
ammonium tetraborate tetrahydrate (NH4)20-2B203 �9 
4H20 (Aldrich Chemical Company, Inc); unfortu- 
nately the ammonium borate hydrate identified by 
Matsuda could not be found. It clearly appears that 
the destabilization does not produce pure B203, spec- 
tra (c) and (d) present some similarities with spectrum 
(a), but no complete identification is achieved. 

Figure 7 (a) A "destabilization crystal" growing on a silicon wafer 
after 60 days at air, (b) another crystal growing on a carbon fibre 
after 150 days at air showing a bulk appearance, (c) a crystal 
growing on a carbon fibre after 150 days in air showing a foliated 
appearance. 
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3.2.3. Influence o f  different post- treatments  
3.2.3.1. Preparation of the samples. Besides the CVI 
study, some specific experiments were carried out to 
study the influence of six different post-treatments on 
the ageing of the BN films deposited under standard 
CVI conditions. These post-treatments were 

(I) without any post-treatment, 
(II) standard post-treatment (1273 K, vacuum, 2 h), 
(III) post-treatment under nitrogen (1273 K, 

1.33 kPa, 103 cm 3 min-  1, 2 h), 
(IV) post-treatment under hydrogen (1273 K, 

1.33 kPa, 103 cm 3 min-  1, 2 h), 
(V) post-treatment under ammonia (1273 K, 

1.33 kPa, 103 cm 3 min-  1, 2 h), 
(VI) high-temperature post-treatment (1473 K, 

vacuum, 2 h). 

The BN films were deposited simultaneously on fib- 
rous preforms and on silicon wafers. The mass vari- 
ations of the fibrous preforms coated with BN were 
recorded over 1 month (they were not cut in 30 
elemental parts, but prepared in monolithic form to 
increase the accuracy of the mass variations); this 
ageing consisted in a succession of five steps: 

(1) a first air exposure at room temperature for 
17 days, 

(2) drying at 373 K under an air atmosphere for 
84 h where the adsorbed water is evaporated, 

(3) a second air exposure at room temperature for 
9 days, 

(4) heating at 1273 K under dynamic vacuum 
for 2h,  

(5) a third air exposure time at room temperature 
for 3 days. 

On the other hand, the BN films deposited on silicon 
wafers were exposed to air for selected times 
(0, 3, 30, 300 h) and then set inside a desiccator under 
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Figure 8 Micro-Raman spectra: (a) a "destabilization crystal", (b) di-boron trioxide, (c) boric acid powder, (d) ammonium tetraborate 
tetrahydrate (NH4)/O �9 2B203 -4HzO. 

vacuum to stop moisture action until they were ana- 
lysed with the XPS spectrometer 2. 

3.2.3.2. B N  mass variations. Fig. 9 shows the mass 
variations of BN deposited on the fibrous preforms as 
functions of the ageing conditions, and, to simplify the 
presentation, the relative BN mass variations during 
each ageing step are reported in the Table VII, for the 
six post-treatments. The column "(2)/(1)" reports the 
relative BN mass variation during the first air expos- 
ure at room temperature. The column "1 + 2 + 3 
+ 4" reports the algebraic sum of the BN mass 

variations occurring in the ageing steps (1), (2), (3) and 
(4), and thus, it allows comparison of the BN mass 
after the second post-treatment at 1273 K with the 
initial BN mass. 

Firstly, some general comments, valid for the six 
post-treatments, can be made. (i) At the beginning of 
the air exposure (for almost 6 h), the BN mass in- 

creases strongly, as seen in Fig. 6; (ii) at greater air 
exposure time, the BN mass variations are correlated 
with the relative humidity, reported at the bottom of 
Fig. 9; (iii) one part of the BN mass increase corres- 
ponds to an adsorption of water which can be evapor- 
ated by drying (column "(2)/(1)" in Table VII); (iv) after 
heating at 1273 K (4), the resulting BN mass becomes 
lower than the initial BN mass, indicating a consump- 
tion of one part of the BN films; such a result is 
contrary to the previous result reported in Table VI, 
where the air exposure time was shorter. 

On the other hand, there is a large difference be- 
tween the post-treated BN-coated preforms (II-VI) 
and the unstabilized BN-coated preform (I) in terms of 
BN mass variations, as reported in Table VII. Without 
any post-treatment, the BN mass increases by 66% in 
step (1), and loses only 42% of this mass increase 
(column "(2)/(1)") during drying (2), and finally, the BN 
mass decreases by 72% during heating (4). In the other 
cases and on average, the BN mass increases by 24% 
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Figure 9 Relat ive  mass  var ia t ions  of the BN films depos i ted  on the f ibrous preforms as funct ions of the age ing  condi t ions  for the six post-  
t r ea tmen t s  (the va r i a t ions  of the relat ive humidi ty ,  H (%) are repor ted  at  the b o t t o m  of the figure). ( x ) ( I )  wi th  no pos t - t rea tment ,  ( �9  (II) 

s t a n d a r d  pos t - t r ea tmen t  (1273 K, vacuum,  2 h); ( 0 )  (III) pos t - t r ea tmen t  under  n i t rogen  (1273 K, 1.33 kPa,  1000 cm 3 min  1, 2 h); ((B) (IV) 

pos t - t r ea tmen t  under  hyd rogen  (1273 K, 1.33 kPa ,  1 0 0 0 c m 3 m i n  -~, 2 h); ( n )  (V) pos t - t r ea tment  under  a m m o n i a  (1273 K, 1.33 kPa ,  
1000 cm a m i n - 2 ,  2 h); (A)  (VI) h igh - t empera tu re  pos t - t r ea tmen t  (1473 K, vacuum,  2 h). 

T A B L E  V I I  The  relat ive va r ia t ions  of the B N  mass  du r ing  the different ageing steps (1-6) defined in text, for the six pos t - t rea tments  also 

def ined in text  

BN mass (%) 

Post-treat. (1) (2) (2)/(1) (3) (4) 1 + 2 + 3 + 4 (5) 

(I) + 66 - 28 - 42 + 22 - 72 - 12 + 16 
(II) + 23 - 18 - 78 + 15 - 29 - 9 + 9 

(III) + 23 - 18 - 78 + 15 - 2 9  - 9 + 9 
(IV) + 28 - 21 - 75 + 18 - 36 - 11 + 9 
(V) + 2 4  - 2 0  - 8 0  + 15 - 2 4  - 5 + 1 1  

(VI) + 22 - 17 - 77 + 13 - 23 - 5 + 6 

in step (i), and loses 78% of this mass increase (col- 
umn "(2)/(1)") during the drying (2) and finally, the BN 
mass decreases by 28% during heating (4) (Table VII). 

Smaller differences also exist between the five post- 
treatments (II-VI). (i) The post-treatments under dy- 
namic vacuum (II) or under nitrogen (III) have the 
same stabilization effect; (ii) the post-treatment under 
hydrogen (IV) leads to a slightly less efficient stabil- 
ization in comparison with the standard stabilization 
(II) (at air exposure, the BN mass increases are greater, 
the fraction of the adsorbed water is lower, the heating 
produces a greater BN mass decrease, which finally 
leads to a greater consumption of deposit (column 
"1 + 2 + 3 + 4"); (iii) the post-treatment under am- 
monia (V)leads to a more efficient stabilization than 
the standard one (II) (a greater part of the initial mass 
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increase corresponds to adsorbed water and the 
heating produces a lower BN mass decrease, which 
results in a lower consumption of deposit (column "1 
+ 2 + 3 + 4"); (iv) the post-treatment under dynamic 

vacuum at high temperature (VI) leads to a stabil- 
ization very similar with the post-treatment under 
ammonia (V) (the BN mass variations are weaker but 
they result in an identical consumption of deposit 
(column "1 + 2 + 3 + 4"). 

3.2.3.3. X P S  analysis. (a) The aged BN-coated pre- 
forms. After ageing, the fibrous preforms were ana- 
lysed by the XPS spectrometer 1 (Table VIII) to 
compare their composition with the average composi- 
tion (A) presented in Table IV; this comparison allows 



T A B L E  VI I I  Influence of the post-treatments (I)-(VI) defined in the text on the chemical composition of the BN films deposited on 
monolithic fibrous preforms after ageing (all values are presented as percentages) 

(I) (II) (III) (IV) (V) (VI) (A) 

O/B 83 50 34 46 35 27 35 
N/B 60 68 77 74 81 81 81 
O + N / B  143 118 l l l  120 116 108 116 
B O 39 28 24 20 14 17 19 
B-N 61 72 76 80 86 83 81 
N - B  88 93 95 95 95 95 94 
N ? 12 7 5 5 5 5 6 

the effects of both the different post-treatments and 
the subsequent ageing to be seen compared with the 
standard BN preparation. 

Accordingly with its high BN mass variation, the 
ageing of unstabilized BN film (I) produces a very 
strong composition change: B-O increases up to 39% 
while the second contribution of the nitrogen peak 
increases tip to 12%. The analyses reported in 
columns II and A correspond to BN films produced 
under the same conditions with the exception that the 
former was heated at 1273 K under dynamic vacuum 
for 2 h after an air exposure of 29 days; then, it appears 
that this second heating leads to an oxygen content 
increase (B-O increases from 19% to 28%). The other 
post-treatments can be classified as in Section 3.2.3.2. 
Actually, the post-treatment under nitrogen (III) pro- 
duces a BN stabilization similar to that obtained by 
the post-treatment under vacuum (II); the post-treat- 
ment under hydrogen (IV) produces a stabilization 
slightly better (B O decreases to 20%). On the other 
hand, the two post-treatments under ammonia (V) 
and at 1473 K (VI) lead, after ageing, to a weak 
increase of the BN stoichiometry (B-N increases up to 
86% and 83% respectively). 

(b) The BN/Si materials. Fig. 10 shows a typical 
XPS record obtained from the BN film deposited on a 
silicon wafer using the XPS spectrometer 2. Table IX 
gives the compositions, obtained by the XPS spec- 
trometer 2, of the hexagonal BN reference and the BN 
films deposited on the silicon wafers, measured as 
functions of both the type of post-treatment and air 
exposure time. It must be noted that the exposure time 
in air of these BN/Si materials was controlled at 
values between 0 and 300 h, while the exposure time of 
the BN deposited on the fibrous preform was never 
controlled, but on average, it was between 1 and 2 
months. The analyses of the same BN reference with 
the XPS spectrometers 1 and 2 (Tables III and IX) 
lead to slightly different results, but these quantitative 
differences are quite consistent with the accuracy of 
the XPS measurements. 

When compared with Table II, Table X shows that 
the XPS spectrometers 1 and 2 lead to nearly the same 
binding energies of the chemical bonds, except for 
B-O. The XPS analyses of all the BN-coated silicon 
wafers give the B-O peak at 191.8 eV, except for one 
sample which gives it at 192.6 eV; this sample corres- 
ponds to the BN-coated silicon wafer which was not 
post-treated and exposed to air for 300 h; at the same 
time, the aged BN-coated preform produced under 

i 
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Figure 10 Typical XPS spectra recorded from the BN film depos- 
ited on a silicon wafer by XPS spectrometer 2. (a) C is, (b) B ls, 
(c) N is, (d) O is. 

identical conditions, presents the highest BN mass 
variation in air (Section 3.2.3.2). 

The study of the surface contamination with car- 
bon, using XPS spectrometer 2, shows that its peak 
can be decomposed into three parts, C(1), C(2), C(3), 
which correspond, respectively, to carbon linked with 
other carbon atoms (C-C), carbon linked with an 
hydroxyl group (C-OH), and carbon linked with an 
oxygen atom (C=O) (Fig. 10) as already mentioned 
[11]; otherwise, the different parts of this decomposi- 
tion do not vary significantly and although the C/B 
ratios present some variations, they can be sum- 
marized as the following average values (Table IX): 
C(1) = 88, C(2) = 8, C(3) = 4 and C/B = 82 (or 96 in 
the case of the post-treatment (I)). On the other hand, 
the general rules, distinguished as B-O, B-N, O/B, 
N/B and (O + N)/B (Section 3.1.2) by XPS spectro- 
meter 1, are still valuable for the BN/Si materials 
analysed by XPS spectrometer 2. With the help of the 
resolution of the Cls spectrum, it appears possible to 
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TABLE IX Chemical compositions of the BN films deposited on the silicon wafers, measured by the XPS spectrometer 2, as functions of 
both the type of post-treatment (X) defined in the text and the air exposure time, t in hours (all values are presented as percentages) 

(X) t C(1) C(2) C(3) B-N B-O N-B N-? N/B O/B C/B O + N/B 

I 0 88 8 4 91 9 94 6 103 21 76 124 
3 86 9 5 89 11 93 7 100 27 93 127 

30 87 8 5 85 15 92 8 100 37 117 137 
300 86 11 3 75 25 93 7 90 56 100 146 

II 0 90 8 2 89 11 94 6 96 20 57 116 
3 88 7 5 88 12 94 6 99 25 87 t24 

30 88 8 4 89 11 94 6 98 27 86 125 
300 91 7 2 87 13 94 6 96 32 88 128 

III 0 90 7 3 88 12 97 3 101 23 65 124 
3 87 9 4 88 12 95 5 97 27 78 124 

30 87 9 4 88 12 94 6 97 28 80 125 
300 81 16 3 86 14 94 6 97 30 89 127 

IV 0 87 9 4 84 16 94 6 93 29 86 122 
3 89 8 3 85 15 95 5 94 31 87 125 

30 88 8 4 85 15 95 5 93 32 89 125 
300 88 9 3 84 16 97 3 93 34 68 127 

V 0 88 9 3 92 8 95 5 99 19 82 118 
3 88 8 4 89 11 93 7 98 21 87 119 

30 88 8 4 89 11 94 6 100 24 96 124 
300 87 9 4 89 11 93 7 99 23 84 122 

VI 0 90 7 3 90 10 94 6 98 19 86 117 
3 89 7 4 91 9 94 6 98 19 81 117 

30 88 7 5 90 10 94 6 98 21 84 119 
300 88 7 5 90 10 94 6 98 22 77 120 

BN ref 92 8 0 100 0 100 0 106 4 9 110 

TABLE X Nature and binding energies of the chemical bonds 
detected by XPS analysis on XPS spectrometer 2 

Cls(eV) Bls(eV) Nl,(eV) O,(eV) 

C(;) C(2) C(3) B-N B-O N-B N-? O-? 

284.6 286.2 288.0 190.2 191.8 397.8 399.6 532.2 

correlate B - O  and  O/B taking into account  both the 
s toichiometry change from BN to B 2 0  3, which is the 
final c o m p o u n d  of the oxidat ion of BN, and  the part  
of oxygen l inked to the ca rbon  con tamina t ion .  Similar 
to the XPS analyses performed on  spectrometer 1, the 
resolut ion of the Ols  spectrum is not  reliable, because 
all chemical bonds  of oxygen (with boron,  ca rbon  or 
hydrogen) produce individual  peaks in the same 
range, which leads to a larger spectrum compared  to 

others (Fig. 10). 
The a m o u n t  of BN film destabil izat ion appears only 

in the O/B and  O + N/B terms for all the post- 

t reatments  and  also in B - O  (and B - N )  terms for post- 
t rea tment  (I), and  Fig. 11 which represents the O/B 
variat ions for all the post - t rea tments  as a funct ion of 
time. The dist inct ion between the different post-treat-  
ments,  already ment ioned  in Sections 3.2.3.2 and  
3.2.3.3, can be used again. With  no post- t reatment ,  
O/B quickly increases, while with a post- t reatment ,  
O/B increases very slowly. Of the post- treatments ,  
that under  hydrogen (IV) leads to O/B values higher 
than  those under  dynamic  vacuum (II) or under  ni- 
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t rogen (III), both the latter values being similar; on the 
other hand,  post- t reatments  under  a m m o n i a  (V) or 
under  high temperature  (VI), which appear  similar, 
lead to the lowest O/B values. Otherwise, it seems that 
the post- t reatments  (II), (III) and (IV) produce BN 
films with an initial oxygen content  (t = 0 h) higher 
than in the absence of post- t reatment ,  while post- 

t reatments  (V) and (VI) lead to a low initial oxygen 
content  in compar i son  with post - t rea tment  (I). 

3.2.3.4. Morphological examination. SEM examina-  
t ion of the BN/Si materials shows the format ion of the 
"destabil izat ion crystals" already reported in Section 
3.2.2. Their  density on the surface and  their average 
size are part icular ly.high after 300 h in air, especially 

in the case of pos t - t rea tment  (I) (Fig. 12a and b) in 
compar i son  with the BN films prepared under  the 

same condi t ions  bu t  not  exposed to air (Fig. 12c and d; 
in this case, the air exposure is limited to some trans- 

fers between the desiccator, the CVI reactor and the 
character izat ion apparatus).  In the case of the other 
post- treatments ,  some destabil izat ion crystals can be 
seen, with a density and  an average size which are 
similar to those of Fig. 12c and  d. It seems that  they do 
not  change with the air- exposure time. (Please note 
that  the magnif icat ions are different in Fig. 12.) 

SEM examina t ion  was also carried out  on the aged 
BN-coated preforms. In  the case of post - t rea tment  (I), 
the carbon  fibres appear  to be extensively damaged,  
some being punched with large holes (Fig. 13a). After 
post- t reatments  (II), (III) and  (IV), it seems that the 
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Figure 11 Variations of the O/B contents as a function of the exposure time in air, for the six post-treatments I -VI  (XPS spectra were 
recorded on BN/Si materials by the XPS spectrometer 2). ( x ) (I) with no post-treatment; (�9 (II) standard post-treatment under (1273 K, 
vacuum, 2 h); ( 0 )  ([II) post-treatment under nitrogen (1273 K, 1.33 kPa, 1000 cm 3 min -1, 2 h); ([]) (IV) post-treatment under hydrogen 
(1273 K, 1.33 kPa, 1000 cm 3 min -1, 2 h); (11) (V) post-treatment under ammonia (1273 K, 1.33 kPa, 1000 cm 3 rain i 2 h); (A) (VI) high- 
temperature post-treatment (1473 K, vacuum, 2 h). 

BN film has become partially unstuck and broken into 
many fragments (Fig. 13b). After ammonia post-treat- 
ment (V), the BN films are not completely broken and 
appear like large sheets partially unstuck from the 
carbon fibre (Fig. 13c). Following post-treatment at 
high temperature (VI), the BN films do not seem to be 
significantly damaged (Fig. 13d). 

4. Discussion 
4.1. Microstructure of the BN films prepared 

under standard conditions 
The microstructure is discussed based on the results of 
Section 3.1.3 and of previous studies of CVD of BN. 
On the one hand, the occurrence of (i) a broad halo 
attributable to the X-ray reflection of the d o 0 2 planes, 
slightly shifted to large inter-reticular distances, 
(ii) the two typical infrared vibrational modes (1390 
and 790 cm -1 corresponding, respectively, to B - N  
stretching and B - N - B  bending), and (iii) the typical 
Raman vibrational mode (1375 cm -1 corresponding 
to B - N  stretching); all three results allow verification 
that the BN films are not totally amorphous, and 
contain crystallites with a network of B3N 3 hexagons. 
On the other hand, the relatively weak intensities ofatl 
these data and the absence of the (1 0) reflection in the 
X-ray pattern shows that the ordering between boron 
and nitrogen atoms is limited to very small distances 
(nearly 1.5 nm, i.e. a stack of five or six (002) planes). 

The BN density appears particularly low compared 
to its theoretical value (1.4gcm -3 instead of 
2.27 g cm-3). This is due firstly to the greater distance 
between the do o 2 planes (0.36 nm instead of 0.333 nm) 
which leads to a density of 2.1 gcm -3 for the BN 
crystallites, and second to an internal porosity of 33%. 
These two aspects are those classically encountered in 
BN films obtained by CVD at moderate temperature 
which have a similar microstructure to- the  CVD 
carbon deposits [10-12, 31, 32]; from the literature, it 
is assumed that the internal pores were microvoids of 
about 10 nm. 

Finally, when compared to those reported in pre- 
vious studies, our BN films are among the lowest 
ordered materials, which is consistent with the low 
deposition temperature (773 K), even if they are 
always post-treated at 1273 K [10-12, 31, 32]. 

4.2. The origin of  oxygen contamination 
Several recent studies showed that the CVD BN films 
sometimes contain a significant oxygen content, 
whose origin is not clearly identified [I0-12].  From 
the results of Section 3, a more complete explanation 
may be proposed. 

The XPS analyses performed on the BN/Si mater- 
ials clearly show that the films already contain oxygen 
before their exposure to air (Table IX); therefore, part 
of the oxygen contamination originates from the CV! 
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Figure 12 Morphological aspects of the BN films deposited on the silicon wafers: (a, b) with no post-treatment and after 300 h in air, (c, d) 
with no post-treatment and with a limited air exposure. 

Figure 13 Morphological aspects of the BN layers deposited on the fibres of the fibrous preform after ageing and for the six post-treatments, 
both as defined in the text: (a) after post-treatment (I), (b) after post-treatments (II), (III) and (IV), (c) after post-treatment (V), (d) after post- 
treatment (VI). 
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step. Moreover, it was noticed in Section 2 that the 
CVD of the BC13-NH3 mixtures produces some inter- 
mediate solids (probably boron amide and imide) 
which are highly hygroscopic. It was experimentally 
verified that these solid by-products absorbed a signi- 
ficant water content when the CVI reactor was opened 
for the introduction or removal of the substrates for 
coating; moreover their XPS analysis by spectrometer 
1 (reported in Table XI) shows a large oxygen content, 
although most of the absorbed water is evaporated by 
the high dynamic vacuum inside the spectrometer 
( n e a r l y  10 - 6  Pa). Consequently, it is proposed that 
these solid by-products act as a water source, which 
leads to a competition between the following reactions 
during the deposition step as water is liberated by the 
next temperature incxease during the subsequent de- 
position experiment 

BC13 + NH 3 --* BN + 3HC1 (1) 

BC13 + 3/2 H 2 0  ~ 1/2 B 2 0  3 Jr- 3 HC1 (2) 

T A B L E X I Nature, binding energies and content of the chemical 
bonds detected on the intermediate solids analysed by XPS spec- 
trometer 1 

Chemical bond Binding energy Content  (%) 
(eV) 

B - N  190.3 72 
B - O  192.4 25 
B-C1 193.5 3 
N - B  397.7 91 
N-?  399.6 9 
O 532.2 100 
Cl2p 1/2 197.8 63 
C12p 3/2 199.5 37 
O/B 48 
N/B - 83 
C1/B 3 
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Figure 14 Variations of the s tandard free energy of the reaction 
between BC13 and NH3, BC13 and H20 ,  and the reaction represen- 
ting the quasi-equilibrium between BN and B20  3 ( thermodynamic 
data from [31]). 

The variations of standard free energies as a function 
of temperature are reported in Fig. 14 from Janaf 
thermodynamical data [33]. It appears that a quasi- 
equilibrium can be maintained over a large temper- 
ature range, and a transition occurs at nearly 940 K 
(below 940 K, oxidation is promoted; above 940 K, 
nitridation is promoted); in fact, this situation corres- 
ponds to the following quasi-equilibrium between 
nitriding and oxidation of boron (Fig. 14) 

1/2  B 2 0  3 4- N H  3 ~ BN + 3/2 H 2 0  (3) 

which is independent of the type of boron precursor 
( B z H 6 ,  B3N3H 6, BF3). This hypothesis appears to be 
confirmed by two sets of experimental results: (i) at 
773 K, low total flow rates and low N H  3 flow rate 
(where a large part of the precursors is converted to 
amide and imide of boron [24]), the chemical reaction 
can be strongly displaced towards the oxidation side 
and then results in BN films which are characterized 
by B - O  values higher than 30% (Class C, Table IV), 
(ii) at higher temperature (1073-1173 K), reactions 
1-3 can be displaced towards the nitriding side, which 
then results in BN films which are characterized by 
B - O  values lower than 10% (Class B, Table IV). 

In addition to this oxygen content, the presence of 
further oxygen is clearly due to the action of moisture 
on the BN films when they are prepared by CVD from 
BC13-NH 3 mixtures (this study and [11, 12]) while it 
is not reported in the case of CVD from the BF3-NH3,  
mixtures [10]. 

The distinction between two origins of the oxygen 
content allows the question of oxygen distribution in 
the thickness of the BN films to be debated; Lacrambe 
[11] reported a high oxygen gradient from the ex- 
ternal surface to the bulk BN, while Dugne [10] 
reported a homogeneous oxygen distribution inside 
the BN films. In fact, it is logical to think that (i) the 
initial oxygen content is due to the CVI process which 
leads to a homogeneous oxygen distribution over the 
whole BN thickness, and (ii) the remaining oxygen 
content is due to the external action of moisture, 
leading to a high oxygen gradient in the BN thickness, 
although this gradient should be reduced when the 
BN films have a high porosity, which favours diffusion 
of water in the films. Finally, in our case where the 
porosity is very high, the surface XPS analyses can be 
interpreted as fairly characteristic of the bulk BN, even 
if a slight gradient exists. 

XPS analyses also revealed four different chemical 
states for the boron atoms (Table XII) which, with 
respect to the XPS accuracy ( _+ 0.2 eV), can be related 
to the origins of the oxygen and may be discussed in 

T A B L E  XII  The three different chemical states of the boron 
a toms encountered in the BN films from this study and other work 
[10, 11, 26] 

Chemical bond [10] [11] Spec. 1 Spec. 2 

B-N(eV)  190.6 190.6 190.5 190.2 
B-O(1)(eV) 191.9 - - 191.8 
B O (2) (eV) - 192.5 192.6 - 
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relation to the previous XPS investigations of CVD 
BN deposits [10, 11, 26] and the XPS analysis of our 
B 2 0 3  reference (Merck): (i) an elemental peak at 
190.4 eV corresponding to the hexagonal BN config- 
uration where the boron nearest neighbours are three 
nitrogen atoms, (ii) an elemental peak at 193.5 eV 
corresponding to the hexagonal B20 3 configuration 
where the boron nearest neighbours are three oxygen 
atoms (BzO3 (Merck) and [10]), (iii) a first inter- 
mediate elemental peak at 191.8 eV, probably corres- 
ponding to a hexagonal configuration where boron is 
surrounded by two nitrogen atoms and one oxygen 
atom, and (iv) a second intermediate elemental peak at 
192.6 eV, probably corresponding to a hexagonal con- 
figuration where boron is surrounded by one nitrogen 
atom and two oxygen atoms. In terms of destabiliza- 
tion, it is well correlated that (i). the detection of the 
boron binding energy at 191.8 eV is related to a low 
destabilization (the BN mass increases remain low and 
the growing crystals stay very small), (ii) the detection 
of the boron XPS peak at 192.5 eV is related to a high 
destabilization (reported on the BN/Si material which 
was not post-treated but exposed to air 300 h, and 
on the BN/C materials exposed for a very long time 
in air). 

4.3. Incorporation of oxygen into the 
BN structure 

The incorporation of the oxygen previously detected 
in the BN lattice (Fig. 15a) necessitates some struc- 
tural modifications. The substitution of one nitrogen 
atom by one oxygen atom creates one dangling bond 
on the neighbouring boron atoms (Fig. 15b); on the 
other hand, the value of (O + N)/B, which is always 
higher than 1, can be taken as evidence of vacancies on 
the boron positions, as already reported by Lacrambe 
[11-1; this situation clearly induces dangling bonds on 
the neighbouring nitrogen atoms (Fig. 15c). These two 
kinds of dangling bonds are obviously very unstable, 
and their existence in the BN films is improbable, 
especially when they are heated at 1273 K for 2 h; 

however, their structural accommodation remains an 
open question. Nevertheless, taking into account the 
presence of water vapour during both deposition and 
post-treatment and boron's great affinity for oxygen, 
some schemes can be submitted: (i) the addition of one 
water molecule allows the formation of one B - O H  
bond and one N - H  bond while the two other dangling 
bonds associate themselves to form N - N  bonds 
(Fig. 16a), (ii) because the pre-existing B - O  bond is 
probably due to oxidation via one water molecule, 
two hydrogen atoms are available for bonding; when 
associated with another water molecule, they can form 
one B - O H  bond and three N - H  bonds (Fig. 16b), (iii) 
if the two types of punctual defects are close in the 
lattice, the insertion of one water molecule in the local 
void allows dangling bonds to be avoided (Fig. 16c). 
In every case, local deformation of the hexagonal BN 
lattice is necessary to accommodate these new chem- 
ical bonds, themselves being probably also slightly 
deformed. Obviously, these propositions necessitate 
other experimental data, but they show that the sur- 
roundings of the nitrogen are necessarily modified, in 
addition to that of boron. Moreover, the modification 
of the surroundings of both boron and nitrogen is 
clearly evident when the B-O  terms reach high values; 
at B - O  = 34%, the N-?  content can reach an average 
of 21% (Table V). On the other hand, XPS analysis of 
ammonium borate hydrate (NH4)20"2B203"4H20 
produces one peak at 400.0 eV, i.e. at the same binding 
energy as N-?; moreover, boron and oxygen are detec- 
ted at 192.6 and 531.9 eV, respectively, i.e. at energies 
similar than those measured on BN films exposed to 
air for a long time. 

4.4. Action of moisture on the BN 
materials 

First, it is useful to note that the preliminary study 
(Section 3.2.1) showed the beneficial effect on the 
stability of BN of a high deposition temperature, to 
post-treat the coating and to limit the exposure time in 
air. On the other hand, as stated in Section 4.2, the 

B - -  

/ 
N 

\ 
B 

B r a N  

/ \ 
N B N - -  

\ / / 
B N N B, 

/ \ / \ 
N B B O 

\ / \ / 
B - - N  N, B 

\ 
N 

B N 

/ \ 
B B - - N  B 

\ / �9 / 
N N oN 

/ \ . \ 
e B  B N B 

\ \ / 
N B.,  N 

/ 
B 

(a) (b) (c) 

Figure 15 Schematic representation of the formation of dangling bonds via substitution of a nitrogen atom by an oxygen atom, and via the 

creation of boron vacancy. 
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Figure 16 Schematic representation of hypothetical structural modifications accommodating the dangling bonds. 
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moisture action leads to a variation of the XPS boron 
spectra, the individual peak at 191.5 eV is replaced by 
another one at 192.5 eV, which appears to be correl- 
ated to the change from a moderate BN mass increase 
to a higher one, and is followed by the growth of white 
crystals. 

However, these crystals cannot be H3BO3 crystals 
(Fig. 8) because, as seen in Section 4.3, the substitution 
of nitrogen by oxygen as nearest neighbours of boron 
also affects the nitrogen atoms, and then they are more 
probably ammonium borate hydrates. Because the 
micro-Raman spectroscopy showed that they are not 
exactly (NHg)zO.2B203 .4H20  (Fig. 7), they prob- 
ably consist of (NH4)20"5BzO3"8H20 because 
(i) this compound was identified via IR spectroscopy 
by Matsuda [12] and also by Lacrambe [11] even 
though he does not emphasize this result (Fig. 17 
shows the IR spectra recorded on the destabilized BN 
powders reported by these two authors), (ii) this com- 
pound has a very large nitrogen deficiency, compared 
to the BN stoichiometry, which can be explained by 
the formation of an NH3 volatile product, whose smell 
is detected, during the destabilization at air, while the 
hydrolysis of the boron atoms leads to solid products. 
This last point is correlated with the lower values of 
N-?  compared to those of B-O.  

As noted before, a post-treatment after the CVI step 
strongly improves BN stability; this effect and those 
provided by the different types of post-treatments can 
be explained by taking into account the water vapour 
pressure. Actually, this improvement is probably re- 
lated to the reduction of the total dangling bonds 

content, at the same time on boron and nitrogen 
atoms (via the mechanisms presented in Section 4.3, 
or other mechanisms to be discovered), because the 
water vapour pressure must be higher at 1273 K than 
at 773 K, if the water source is still efficient. The lower 
oxygen content recorded on the BN/Si material not 
post-treated and unexposed to air in comparison with 
the sample treated under standard post-treatment and 
also unexposed to air shows the occurrence of this 
oxidation during the standard post-treatment (I). 

Compared to the standard post-treatment, post- 
treatment (II) under nitrogen appears identical and 
show that molecular nitrogen has no chemical effect 
on the BN stabilization at 1273 K. The post-treatment 
under hydrogen leads to a very similar stabilization; 
the very slightly higher BN mass variations and B - N  
values could originate from the formation of B - H  
bonds in addition to the B - O H  bonds, as reported for 
H 2 annealing of non-stoichiometric BN films [34]; 
this association leads to some unlocated charge effect. 
The better stabilization by the post-treatment under 
ammonia clearly results from the nitriding of the B -O  
bonds which is favoured in comparison with the oxi- 
dation at 1273 K; this nitriding would be greatly 
improved at higher ammonia pressure because it was 
devised for the nitriding of the B20 3 fibres [2]. The 
apparent better stabilization obtained at 1473 K is 
probably related to the consumption of the deposit 
due to the volatilization of boron oxide, which be- 
comes very efficient at temperatures higher than 
1273 K, especially in the presence of water vapour, as 
reported by McKee [35]. 
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Figure 17 IR spectra of the destabilized BN powders: (a) spectrum 
reported by Matsuda [12] exhibiting the presence of (NH4)20' 
5B203. 8H20, (b) spectrum recorded by Lacrambe [11]. 

The heating occurring after exposure to air, which 
simulates the heating occurring before the densific- 
ation of the BN-coated preforms, has very drastic 
effects. The associated large BN mass decrease is 
clearly due, on the one hand, to the evaporation of the 
adsorbed water (nearly 75% of the total BN mass 
variation from Table VII), and on the other, probably 
to the volatilization of NH 3 and H20 produced from 
the thermal decomposition of the ammonium borate 
hydrates and the partial volatilization of the resulting 
borate glass. Then, as function of the exposure time 
in air, the BN mass increases or decreases (Tables VI 
and VII). 

5. Conclusions 
The BN films prepared by CVD from BC13-NH3-H 2 
mixtures inside fibrous preforms are poorly organized 
materials, contaminated by oxygen and unstable in 
the presence of moisture. These characteristics are 
related to the low deposition temperature, which is 
necessary to obtain uniform high thicknesses inside 
the preforms, although the BN-coated preforms are 
post-treated at high temperature. 
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As-deposited, i.e. deposited, at 773 K and post- 
treated at 1273 K under a dynamic vacuum, the BN 
films are turbostractic and exhibit high d o o 2 inter- 
layer spacing, very small crystallites and very low 
density, and contain oxygen. This oxygen contamina- 
tion has two different origins which can be distin- 
guished by the resolution of the XPS boron spectrum. 
One part of the oxygen, corresponding to an indi- 
vidual peak at 191.5 eV ( _+ 0.2 eV), emanates from the 
water vapour released by the intermediate solids 
formed before the deposition zone. The oxygen incorp- 
oration in the BN films is favoured by the quasi- 
equilibrium between BN, BzO3, NH 3 and H20 which 
extends over a large temperature range, and also by 
the low deposition temperature placed on the oxida- 
tion side of this equilibrium. This evidence is related to 
a low BN stability in the presence of moisture. The 
second part of oxygen, corresponding to an individual 
peak at 192.5 eV ( _+ 0.2 eV), originates from the action 
of moisture upon exposure to air, which leads 
to important BN mass increases and to the growth 
of "destabilization crystals". These crystals consist of 
ammonium borate hydrates, and more probably of 
( N H 4 ) 2 0 '  5 B 2 0  3 �9 8 H 2 0 .  

However, the incorporation of oxygen induces some 
modifications in the BN hexagonal structure which 
lead to a second individual XPS peak for Nls at 
399.5 eV, probably corresponding to N-H or N-N 
bonds. 

As a function of the exposure time in air, the boron 
XPS peak at 191.5 eV is replaced by one at 192.5 eV, 
and a drastic destabilization occurs. This BN instabil- 
ity can be reduced by (i) a nitriding post-treatment 
under ammonia, (ii) an increase of the deposition 
temperature (although the uniformity of thickness in 
the preform will decrease), (iii) the deposition of a 
stable material on BN, and (iv) control of the water 
vapour pressure and an adapted pre-treatment prior 
to the CVI step. 
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