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l.r. spectroscopy characterization of various
types of structural irregularities in pyrolytic

boron nitride

A.S. ROZENBERG, Yu. A. SINENKO, N. V. CHUKANOV
USSR Academy of Sciences Institute of Chemical Physics, 142 432 Chernogolovka, Russia

Sampiles of pyrolytic BN ceramics were produced by CVD from BCI;-NH,—N, mixtures at
temperatures of 1300-2100 °C, pressures 1-20 torr and varying partial pressures of the
components. A theoretical analysis of the dependences of i.r. spectral band frequencies on
interlayer distance and crystal block size is given. Five BN structure modifications have been
found in BN ceramics from i.r. band shape analysis: hexagonal graphite-like, partially ordered,
turbostratic, dense amorphous and highly dispersed amorphous, whose relative content

strongly depends on the synthesis conditions.

1. Introduction

Production of coatings and articles of pyrolytic boron
nitride (PBN) by chemical vapour deposition (CVD)
has recently attained ever-growing importance due to
their application to ultra-high-vacuum processes in
microelectronics and highly pure chemical processes,
which require heat- and corrosion-proof conditions
[1, 2] made possible by the peculiarities of the physi-
co-chemical properties of PBN [2].

A successful control over the CVD processes seems
to be difficult without preliminary detailed analysis of
the dependence of microstructural and kinetic para-
meters on the synthesis conditions (temperature, par-
tial pressure of the components, the rate of their
supply etc.).

The present series of papers concerns the solution of
these problems and modelling of the CVD process,
taking account of the kinetics of formation and the
mutual conversion of structural modifications of
PBN.

Physical, mechanical and operational properties
of the articles produced are mainly determined by
the ratios between the PBN structural components.
However, the majority of the experimental methods
employed provide averaged characteristics of the ma-
terial. There are no reliable quantitative methods
which could specify the distribution of such structural
parameters as the size of crystallites, interlayer dis-
tance and distortion of hexagonal layers in the PBN
samples.

By means of X-ray analysis and electron micro-
scopy the degree of ordering in BN has been found to
vary from three-dimensional (3D) order with a hexa-
‘gonal layered graphite-like structure (h-BN) to
amorphous material (a-BN). An intermediate struc-
tural modification of BN is turbostratic boron nitride
(t-BN) [5, 6] characterized by only two-dimensional
(2D) ordering. Commercial PBN is non-uniform in its
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structure and contains a number of structural com-
ponents [5-7] which are likely to result from the
complexity of the CVD process, e.g. the presence of
several mechanisms of condensed phase formation
and growth on the heated surface of deposition [7].

The present paper reports the feasibility of i.r. spec-
troscopic analysis of the BN structure.

2. Experimental procedure

The method of vacuum CVD was used for PBN
sample preparation. PBN was deposited on to a
graphite substrate heated by inductive or resistive
methods up to 1300-2100°C. A BCl;~NH;-N, mix-
ture was fed to a flow-type reactor at variable partial
pressures of the components. The total pressure in the
reactor was maintained within 1-20 torr.

The PBN samples obtained were compacted with
KBr into pellets and their i.r. spectra were registered
by means of a Specord-75IR (Germany) at a spectral
slit width of < 1cm™2,

3. Results and discussion

The vibrational spectra of h-BN with complete 3D
ordering and an interlayer distance of 0.333 nm are
known [10, 11] to have two bands in the range
400-4000 cm ™!, One of these, with the maximum at
1370 cm ™, corresponds to in-plane vibrations (||) and
is of an approximately Lorentzian shape with bond
asymmetry caused by the boron isotope distribution.
The other band at 817 cm (Fig. 1) reflects out-of-plane
vibrations (1) and is strongly asymmetric, which is
mainly caused by violation of the symmetry selection
rules [12]. The reason for such violation may be small
free path lengths of the corresponding phonons be-
cause of anharmonicity.
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Figure I 1.r.spectra in the region of the v, band of (1) BN prepared
at the cooled reactor wall; ceramics prepared at (2) 1700°C and
100 torr, (3) 1800 °C and 5 torr and (4) 1800 °C and 20 torr; and (5)
pure h-BN.

The ir. spectra of a typical t-BN with interlayer
distance dy,, = 0.353 nm, coherent scattering diame-
ter L = 3.6 nm, a narrow distribution of particle size
(d = 3.5nm) and complete absence of 3D ordering
displays broadened bands at 1396 and 800 cm ™! [13].

The t-BN band shift into a low-frequency region
may be caused by either a decrease in the size of the
regular 2D segment within the flat net or an increase
in d [12, 13]. Let us consider both in detail.

Kuzuba et al. [14] proposed a function including
Coulomb and Lennard-Jones terms for the potential
energy of interparticle interaction of the BN layers:

o(t) = dr % + Br= ' + yr! (1)

The frequency of out-of-plane vibrations is deter-
mined by both the rigidity of the layer itself (k) and
interlayer interactions of neighbouring layers. Con-
sequently, the effective force constant is dgg,-
dependent according to the following rule:

k= ko + Ak
2

d
=ko + d;qz [P(doo2 — q) + ©(doo2 + 4)]q>=o, 2)

where q is the normal coordinate of the i.r.-active out-
of-plane vibrations.

Here we postulate the Kuzuba form for B(dg,»)
dependence:

0ldoo2) = Ad6062 + Bdo_olz'2 + Cd(;olz (3)

The coefficients A, B and C can be found from the
conditions: d3,, = 0.333 nm (the interplanar distance
of an undistorted lattice), ¢(dd,,) = — 8 ki mol™?
[14], ¢'(d3,,) = 0 (equilibrium condition), ©"(d9,,)
=0.516 mJ cm 2 [14].

The frequency shift caused by the increase in d
calculated by taking account of the relation
v, =~ k212 (where p the effective mass of the stand-

5676

15

~Av, (em™

0.02 0.03
Ad g2 (nm)

0 0.01

Figure 2 (@) Experimental dependence of Av on A(d,,,) and those
calculated from the functions of (1) Moore [6] and (2) Kuzuba et al.
[14] for samples with a homogeneous structure.

Ak 1/2
Vo — v0<1 — k_>
0

By taking a Taylor series expansion for small Ak/k, we
obtain the final equation for the frequency shift:

Vo \ d?
Av = (m) aq_z [o(doo. _PI)
+ ©(dooz + @l4-0 4

where v, = 817 cm is the frequency for an ideal crystal
of h-BN; the o(d,,,)} dependence is given by Equa-
tion 3. The Kuzuba form for the ¢(d,,) dependence is
to be verified. For this purpose the Av(d,,,) depend-
encies were plotted for a model series of samples
different in their microstructures [12]. The d,, values
were determined from the X-ray diffraction data. Be-
sides the experimental dependency of Ap(d,,), those
calculated according to the Kuzuba and Moore po-
tential functions are shown in Fig. 2. The experimental
points are seen to be approximated by the Av(dyg,)
dependence calculated from Equation 3. The value
calculated from Equations 3 and 4 at d = 0.353 nm is
equal to 12 cm ™1, which is close to the experimentally
observed 17 cm™!. The discrepancy of 5cm™! may
arise from the small size of L, (3.6 nm in this case).
Now we can calculate the value of the additional shift
of the band due to the finite volume of the 2D regular
segment.

Previously it was shown for a one-dimensional
periodic structures [15] that the transformation to
normal coordinates of the repeating unit allows reduc-
tion of the vibrational dynamic problem for the sys-
tem of n elementary units with r degrees of freedom
each to that of the oscillation of r simple chains of n
bound oscillators interacting via end oscillators.
When expanding this approach, a 2D system of cou-
pled oscillators may be found to correspond to each
frequency branch of the lattice.

For a 2D crystal segment of N x N elementary cells
in the approximation of near-neighbour interactions,
neglecting boundary effects, the formula for the ir.-
active eigenfrequency belonging to the boundary fre-
quency branch is [16]

ard oscillator) is

V2(N) = vidcos (Ni 1) (5)



where v, is the frequency of the oscillator in normal
coordinates of the elementary cell [15]; d is the width
of the eigenvalue zone for out-of-plane vibrations.

As follows from Equation 5, the frequency of a BN
particle of 2 nm diameter is 4 cm ™! lower than the
frequency of an infinite crystal at the same value of d; ¢ ».
The real dispersion surface in the coordinate space
“frequency—phase parameter vector components” is
steeper in the vicinity of the i.r.-active mode than in
the model considered with account taken of near-
neighbour interactions only. The real shifts due to the
decrease in L, may therefore be a little greater; how-
ever, even in this case its absolute value for t-BN does
not exceed 20-25¢m 1,

Thus the band shift of v, in t-BN is mainly deter-
mined by the increase in d,,, and to a lesser extent is
dependent on the size of the crystalline unit. The
maximum shift of the band to the low-frequency
region should not appreciably exceed 20 cm ™!, How-
ever, in the ir. spectra of PBN obtained at temper-
atures above 1600 °C there is a band with a maximum
within the range 760-790 cm (Fig. 1), its position
being dependent on the synthesis conditions. The
limiting frequency that corresponds to the infinite
value of dyo, is 800 cm™!; these great shifts may
therefore be due only to the presence of an amorphous
structural component (a-BN) in PBN with a size of
ordered units of the order of 1 nm or less.

A similar amorphous structure was observed by
means of electron microscopy in BN films prepared by
the method of ionic deposition [4]. It is interesting to
note that the presence of an amorphous structural
component in the sample is accompanied by the emer-
gence of small shoulders in the ir. spectrum at
1100 em ™! which may be regarded as coming from
groups with sp? hybridization. These fragments may
be considered as the elements of high pressure
structural modifications of BN. When BN samples are
annealed at high vacuum at 1600°C for 24 h the
number of these fragments increases (Fig. 3). This
process is accompanied by a decrease in the turbostra-
tic component content and nitrogen isolation, the
latter being registered by the mass spectrometer. This
phenomenon can probably be considered as the
formation of sp® cross-links between the layers in the
least ordered regions of the material.

Besides a dense amorphous structural component, a
highly dispersed boron nitride phase, which contains
many N-H bonds absorbing in the frequency range
from 3100 to 3600 cm ™', is formed as a by-product on
the cold wall of the reactor during the synthesis. A v,
band in the frequency range from 760 to 790.cm ! (see
Fig. 1) rather than a shoulder is a characteristic feature
of that phase. There is a small content of a similar
structural component in the BN samples prepared at
low temperatures.

In the BN samples prepared at high temperatures
(above 1700°C, though this limit depends on some
other parameters of the synthesis as will be shown
elsewhere) an ordered graphite-like structure predom-
inates with the v, band having the maximum near to
817 cm ™! (Fig. 1). The precise position of this max-
imum may shift into the low-frequency region due to a

partial disordering of h-BN that is accompanied by an
increase in dgg 5.

Assuming that BN various regions make an addi-
tive contribution to the i.r. spectrum we can write the
full formula for the spectral band share as follows:

gv) = fp(x)eo(v — x)dx (6)

where p(x) is the frequency probability density of the
absorption centers, £4(v) is the frequency dependence
of the h-BN extinction coefficient and e(v) is the
frequency dependence of the sample extinction coeffi-
cient.

By solving the integral Equation 6 for ordered and
turbostratic components we can obtain the frequency
probability density p(v) and using the ratio 4 we can
obtain the distribution density of the interlayer space
{dgo,). The latter dependence was calculated nu-
merically for a number of BN samples. A typical
p{dyo2) dependence is shown in Fig. 4. It is seen from
the figure that along with h-BN, which has a dy,,
close to a 8-function, and t-BN with a broad distribu-
tion of dy, in the range of 0.339—0.380 nm, the BN
sample contains a component with an intermediate,
partially ordered structure and d,, in the range from
0.334 to 0.339 nm. It may correspond to a Moore
structure of type II1 [5, 6].

Thus, five BN structure modifications have been
found in PBN prepared by the CVD method:

1. Hexagonal graphite-like structure h-BN (ve*
=817cm™ !, L > 100 nm, dy,, = 0.334 nm).

2. Partially ordered structure po-BN (vP**
= 814-816 cm ™%, dyo, = 0.334-0.339 nm).
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Figure 3 Lr. spectra of samples of BN ceramics synthesized at
1800°C and a total pressure of 10 torr; (1) initial and (2) after
annealing at 1600 °C for 24 h.
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Figure 4 Density of interlayer space distribution in t-, po- and h-BN
ceramics synthesized at 1700°C and a total pressure of 5 torr.

‘5677



3. Turbostratic structure t-BN (v
=795-810cm ™!, L = 2-20 nm, dyq, > 0.335 nm).

4. Dense amorphous structure a,-BN (v{*
=760-790cm™!, L < 1nm; there is a band at
1100 cm ! in the ir. spectrum).

5. Highly dispersed amorphous structure a,-BN
(vP** = 760-790 cm ™%, L < 1 nm, v, band broad, no
band at 1100 cm ™! in the spectrum).

The quantitative determination of amorphous (sum of
a,- and a,-BN), turbostratic (t-BN) and ordered (sum
of h- and po-BN) structural components can be made
by means of ir. spectroscopy using for calibration
reference samples [17] with a predominant structure
of the same type. The content of BN structural com-
ponents, as determined by i.r. spectroscopy, gradually
changed with variation of the synthesis conditions:
0-35% for amorphous structural components,
0-100% for turbostratic structural components and
0-100% for ordered structural components.

The results of more detailed investigations of the
dependence of microstructure on the synthesis condi-
tions of BN ceramics will be given in further papers of
this series. It may be noted here that the ratio of the
contents of ordered and turbostratic structural com-
ponents, which were determined by means of i.r. spec-
tral analysis, is in good agreement with similar results
which were obtained by means of X-ray phase
analysis.
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