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Abstract A comparative study was carried out of the process of plasma chemical depo-
sition of boron carbide from hydrogen plasma containing the mixtures of BF; + CH,4 and
BCl; 4+ CH, sustained by RF arc (13.56 MHz) discharge. It was shown that in the case of
synthesis of B4C from a mixture of BF; 4+ CHy4, carbon and complex coordination com-
pound [X3B] H" (R;B-FH) are formed as the by-products of condensed products. In the
case of synthesis of B4C from the BCl; + CH, mixture, the only condensed product is
carbon. Mechanisms for the formation of boron carbide on the surface of heated electrodes
are proposed. The main feature of these mechanisms is the preliminary deposition of a
graphite layer from CH,4 and then the precipitation of boron with the participation of the
radicals BF,, BF and BCIl. B,C samples were obtained and the impurity composition,
morphology and structure of bulk boron carbide samples obtained using both of its halides
were studied. It was found that in both cases a carbon phase is present in boron carbide
samples. The main impurities entering the B4C, in the case of using a mixture of
BF; + CHy,, is silicon, and in the case of a mixture of BCl; + CHy, is tungsten.

Keywords RF arc discharge - Boron carbide - Boron fluoride -
Boron chloride

Introduction

Boron carbide is the compound combining such unique properties as high melting tem-
perature, low density, high hardness, high thermal and chemical resistivity [1]. Boron
carbide is the most suitable material for coating the walls of Tokamak type reactors
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[2-4]. An interesting aspect is the application of thin layers of boron carbide for fabrication
of high-temperature operating diodes and transistors on the basis of «boron carbide/n-
Si(111)/boron carbide/n-SiC» and some other structures [5-9].

High values of neutron capture cross-section due to boron-10 isotope about 20% of
which is contained in natural boron being equal to 3850 barns for thermal neutrons and
several barns for fast neutrons deserve mentioning as a separate point. As a result of this
capture with probability of 94% the following reaction takes place

B +n — 7Li(0.84 MeV) + "He (1.47 Mev) + y (0.48 Mev), (1)

being the basis of application of boron carbide B4C both of natural composition and of '°B
enriched for different purposes. First of all these are the systems for regulation of neutron
fluxes in nuclear reactors. Recently it became actual to use boron carbide (including
enriched '°B) in the form of nano-particles in neutron capture therapy [10] and in the form
of films for fabrication of neutron detectors instead of He [7,9, 11].

The methods for preparation of crystalline boron carbide are described in literature in
detail [1, 12]. An important group among these methods is the chemical deposition of
volatile compounds of boron from the gas phase. In its turn, quite many papers are
available where deposition from these compounds is enhanced not by heating the whole
reactor (i.e., thermal heating) but by plasma when energy is delivered directly to all
participants of reaction in the gas phase (PECVD method). Since the formation of reactive
high-energy particles is due to collisions in gas, the substrate can have a relatively low
temperature. That is why the films are formed at lower temperatures of substrate as
compared with the traditional CVD method and in this sense the PECVD method is of
greater virtue. The following initial compounds are used for preparation of boron carbide in
the form of films by PECVD method using different types of discharge for sustaining
plasma: BC13 [13—18], BBr3 [19], B2H6 [20—25], B5H9 [26—28], B10H14 [5], B(CH3)3
[20, 29, 30], B(C,Hs); [20, 29, 30], CH,4 [13, 14], C,BoH ;> [6-8, 29, 31]. Stoichiometry
and structure of the formed layers of carbide greatly depend on the type of the used
compounds and experimental conditions for deposition [12, 26]. To the best of our
knowledge there are no papers devoted to preparation of compact crystalline boron carbide
by PECVD method. As it was stated above, in the case of nuclear physical applications it is
preferable to use carbide enriched with respect to '°B. It is expedient to use as the initial
substances the volatile halogenides of boron—high-boiling chloride '°BCl; usually enri-
ched by rectification method and low-boiling fluoride '9BF; enriched by centrifugal or ion-
exchange method.

The goal of the present work was to investigate the process of preparation of compact
forms of boron carbide of natural isotopic composition from the mixtures of BCl; + CHy
and BF; 4+ CH, in hydrogen plasma of RF arc discharge.

Experimental

Boron fluoride and boron chloride of natural isotopic composition with the content of the
main substance not less than 99.9% were used in this work. Hydrogen of special purity
grade was used as the plasma generating gas: the content of hydrogen—not less than
99.9999%, of oxygen—2-10"> %, of argon—2-10"> %, of nitrogen—8-107> %, of water
vapors—1-107* % and methane with purity of 99.999% was a carbon-containing
substance.
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The used RF arc discharge (RFA) of high-pressure (P > 200 torr) in itself combines the
arc discharge generated between two coaxially located electrodes and RF capacitive dis-
charge. Not going into details of investigation of the physics of discharge of this type, we
will just state some of its peculiarites.

The classic arc discharge of direct current is characterized by low voltages and high
currents. In arc discharge the cathode is heated up to high temperature which leads to
thermoelectron emission. High-pressure arc is one of the forms of low-temperature equi-
librium plasma and is characterized by temperature equilibrium between electrons and gas
[32]. In our case the discharge glows between tungsten electrodes in hydrogen atmosphere
at pressure close to atmospheric pressure and represents an electric arc of alternating
current with frequency of 13.56 MHz. Its active component is due to thermoelectron
emission with subsequent high heating of the end parts of electrodes contacting with
plasma. This temperature was calculated by technique [33] modeling thermal processes
taking place in reaction chamber accounting for experimentally measured amount of power
delivered to discharge area, distribution of temperature of reactor wall along its length,
geometry of reactor and individual characteristics of substance. Under these experimental
conditions the gas temperature in the central area of plasma and, consequently, at the end
parts of electrodes contacting with this area was ~ 3500 K. According to thermodynamic
calculations [34] this temperature is sufficient for dissociation of molecules BF; or BCl;
with predominant formation of the particles of BF, and BF in the first case and of BCl in
the second case.

In our case the application of high-frequency electromagnetic field to electrodes leads to
appearance of the reactive component of current or bias current in addition to the active
component due to thermoelectron emission. As a result a part of power, delivered to
discharge, is consumed on activation of molecules by electrons oscillating due to bias
currents; thus, in general the concentration of active particles is increased as compared
with the situation when only the process of thermal ionization (discharge of direct current)
takes place.

Therefore, the main advantage of the used RF discharge is realization of the experi-
mental conditions under which the chemical activation of gas molecules takes place both
thermally and under the effect of oscillations of electrons in alternating electric field.

Experiments were conducted on experimental set-up shown in Fig. 1 with the total
pressure in reactor of 760 torr. The operating frequency was 13.56 MHz. Power input to
the plasma discharge zone was calculated as a difference in the power of respectively
reflected and incident waves, measured by directional coupler with directive gain of 30 dB
and an oscilloscope, and was equal to 350 4+ 30 W. Consumption of plasma forming gas
H, as well as of gas-reagents BF;, BCl; and CH, during the experiment was controlled by
flow-controllers regulators and was maintained constant with H,—350 & 5 cm®/min.;
BCl;—60 + 5 cm®/min.; BFs—60 £ 5 cm®/min.; CH, - 40 £ 5 cm®/min. Mole ratio Hy/
BCl3/CH, and H,/BF;/CH,4 was kept constant equal to 9/1, 5/1. Plasma chemical reactor
consisted of silica glass tube (diameter 60 mm, length 200 mm) inside which the tungsten
electrodes (diameter 4 mm, length 50 mm) were located equipped with special nozzles
(diameter 10 mm, length 80 mm) for formation of gas flow connected with RF generator
via matching device. The inter-electrode gap was 15 mm. Special nozzles are cylindrical
hollow tubes from stainless steel with inserted electrodes. Gas mixture was delivered to
discharge area via these nozzles. The total degree of conversion of fluorides was deter-
mined by analysis of IR spectra of exhaust gases with accuracy of 3 mol% (Bruker Vertex
80v spectrometer). X-ray analysis of the prepared samples was conducted on XRD-7000
diffractometer. Morphological investigation of the prepared samples was carried out by the
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Fig. 1 Setup for investigation of plasma chemical synthesis of B4C from H, + BF; + CH, and
H, + BCl; + CH,4 mixtures

methods of scanning electron microscopy. To obtain the images, the scanning electron
microscopes SUPRA 50VP and NEON 40 (Carl Zeiss, Germany) were used. The diag-
nostics of elemental composition of samples was conducted by the method of X-ray
microanalysis using the energy dispersive spectrometer of Oxford Instruments Company.
The impurity composition of samples was determined on laser mass-spectrometer EMAL-
2. NMR investigations were carried out on Bruker Avance III. The operating frequency
H-1 400 MHz, B-11 128.4 MHz (15% F;B-OEt, standard), F-19 376.5 MHz (CCl;F
standard). NMR spectra B-11 and F-19 were recorded suppressing splitting on protons. The
spectra were recorded at room temperature (25 °C).

Results and Discussion

Main Chemical Reactions Resulting in Preparation of Boron Carbide
Structurally related molecules of boron halogenides are noticeably different from each
other with respect to strength of B—X bond. For instance, the enthalpy of abstraction
reaction of one atom of halogen from BX; molecule is equal to 180 kcal/mole for X = F,

129 kcal/mole for X = Cl [13] which should manifest itself in different reaction behavior
under the same conditions. Unfortunately, we did not have any methods for diagnostics of
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the investigated high-reaction plasma sustained by arc RF discharge and thus these dis-
tinctions could be found by studying the products of plasma chemical transformations.

In the case of H, + BF; + CH,; mixture the boron carbide is the main product
deposited on the surface of electrodes in the form of bulk crystals. Besides, a highly
dispersed carbon black is deposited on the walls of plasma chemical reactor and oily liquid
is condensed.

An attempt was taken to study its composition by the methods of IR and NMR spec-
troscopy. IR spectrum (Fig. 2) comprises a number of bands in the range of 700-200 cm ™"
with the most intensive band at 1000 cm™" which is referred to B-C vibrations. A number
of other weaker bands can be assigned to vibrations of B-F, C-H and B—C bonds.

A broad structureless band with the maximum at 3400-3500 cm ™" probably represents
the superposition of oscillation bands of different functional groups. Most likely these are
hydroxyl groups which can indicate a partial hydrolysis of this product of plasma chemical
reaction. Additional information on its chemical nature is given by NMR spectra recorded
on nuclei 'H, ''B, '°F (Fig. 3). In spectra on Fig. 3a, b three lines are registered with two
of them being mostly intensive which indicates different chemical environment of the
nuclei of boron-11 and fluorine-19. The lines in spectrum of Fig. 5a for chemical shifts
0.33 and -1.33 ppm are close in their position to F3B-OEt, standard generally accepted
while investigating NMR spectra of boron compounds.

To our opinion it indicates that the formed by-pass product probably also refers to
coordination compound of boron (of one or several types). In view of IR spectrum it can
also be assumed that it comprises alkyl groups and/or hydroxyl groups. A broad band with
the maximum at 11 ppm in the spectrum of proton resonance (Fig. 3c) is characteristic of
exchange processes of proton with different particles and indicates the acid nature of the
latter. Thus, the probable chemical forms of the found liquid product of plasma chemical
reaction in BF; + CH,4 + H, system can be [R3;BF] H*, [(OH);BF] " H™ or complexes of
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Fig. 2 IR spectrum of the liquid product of plasma chemical reaction in H, + BF; + CH, system (see
explanations in text)
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Fig. 3 NMR spectrum of the liquid product of plasma chemical reaction in H, + BF3; + CH, system (see
explanations in text)

intermediate composition. On the other hand, the IR spectrum of gaseous products of
plasma chemical reaction with participation of boron fluoride (Fig. 4) does not comprise
the band of HF at 3900-4000 cm ™' which presence is characteristic of plasma chemical
hydrogen reduction of other volatile fluorides. This fact makes it possible to assume that
the composition of studied liquid comprises the coordination compounds with participation
of HF molecules, e.g., R3;B-FH or R,B(HO)-HF. A complicated nature of NMR spectra
indicates that there can be several structures of this type and of above-mentioned type.

Coming back to IR spectra in Fig. 4, we should note that the gaseous products of plasma
chemical reaction include ethylene and acetylene formed as a result of conversion of
methane and silicon tetrafluoride as a product of interaction of HF with silica walls of
reactor. Thus, the total scheme of plasma chemical transformation in the system on the
basis of boron fluoride can be represented to our opinion in the following way:

BF3) + CHygy + Hay — BiyCoosy + [X3B]TH™ (R3B-FH) ) + CoHagy + CoHogry
(2)

The plasma chemical reaction in BCl; + CH,4 + H, system, in view of the composition
of its products, occurs in a different way. Apart from deposition of compact boron carbide
on electrodes, the residue of powdered carbide and soot is observed on the walls of reactor.
None of other condensed products (similar to above-mentioned oily liquid) was detected. It
is known that boron chloride is less favorable to the formation of strong coordination
compounds as compared with fluoride [35] and, obviously, that is why in the IR spectrum
of gaseous exhaust gases (Fig. 4b) the band was found referred to HCI. As in the first case,
the bands of ethylene and acetylene are due to plasma chemical conversion of methane.
Thus, the scheme of the process looks like the following:

BCl3(ry + CHy(ry + Ha(ry — B4Crp) + HCL () + CoHyr) + CoHyry 3)

Growth Mechanism of Boron Carbide

The main target product of plasma chemical reactions of boron fluoride and boron chloride
with methane is compact polycrystalline boron carbide deposited on electrodes. However,
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Fig. 4 a IR spectrum of: the initial mixture BF; + CH4 + H, (/); and of exhaust gas from plasma
chemical reactor (2). b IR spectrum of the initial mixture BCl; + CHy + H, (/) and of exhaust gas from
plasma chemical reactor (2)

as it follows from the above-mentioned discussion and as it is seen from Fig. 5, the
processes of crystal growth in both cases are somewhat different. Carbide is deposited from
the mixture based on boron fluoride in the form of polycrystals of cylindrical shape on the
ends of electrodes actually following their diameter (Fig. Sa-1, b-1). In the case of boron
chloride the formation of carbide takes place on the end part of electrodes in the form of
growing disc (Fig. 5a-2, b-2). This difference can be explained in the following way. Rod
electrodes, located coaxially and oriented towards each other, provide the distribution of
field lines as shown in Fig. 5a-1, a-2.

At the same time a higher density of electric field and, consequently, a larger energy
release with the given geometry is provided in the direction of axis along which the
electrodes are located. In this direction the channel is formed via which the main part of
electric current is passing. Density of field lines, located on the periphery with respect to
central axis, and, hence, electric field intensity in this range are less but sufficient for
dissociation of BCl; molecule. That is why the growth of boron carbide in the form of disc
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is observed in the direction of electric lines of force. Probably, due to this reason the
deposition of powdered carbide on the walls of reactor takes place. For chemical activation
of BF; a higher energy is required available only in the local interelectrode space. That is
why the growth of polycrystalline boron carbide is observed directed strictly along
electrodes.

It should be stated that, in our opinion, the role of methane is not limited only by
transport of carbon to the reaction zone since in reaction mixtures H, + BF; and
H, + BCls, i.e., without methane, the deposition of elementary boron under the conditions
of our discharge does not take place. Probably, the required condition for starting the
growth of boron carbide is the initial deposition on electrodes of graphite layer in the form
of dendrites on surfaces heated, as it was indicated previously, approximately up to
3500 K. The intensity of electric field and its gradient on the formed dendrites are
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Fig. 5 Scheme of growth of B4C in plasma chemical RFA reactor from mixture H, + BF; + CH;—(a-1)
and from mixture H, + BCl; + CHy;—(a-2) and view of B4C deposited on electrodes using boron
trifluoride (b-1) and boron trichloride (b-2). See comments in text
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Fig. 6 a Reactions of formation of bulk boron carbide; b scheme of deposition of bulk boron carbide on
electrodes
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sufficiently high for polarization of the molecules of BCl; or BF; which facilitate the
deposition of boron layer. Then again the deposition of graphite is required. Taking into
account the above-mentioned facts on the nature of particles dissociating in the studied
plasma, the total process of deposition of bulk boron carbide on electrodes can be repre-
sented by the reactions shown on scheme of Fig. 6a, b.

As a result the content of carbide phase in the residue according to X-ray analysis is just
about 60% which certainly degrades the quality of material. Perhaps, the situation can be
improved be using other carbon-containing compounds instead of methane, e.g., freons less
inclined to pyrolysis or by selection of other conditions for deposition.

Investigation of Morphology and Structure of the Samples of Boron Carbide

Figure 7 gives the elementary composition and morphology of B4C samples by X-ray
fluorescent spectroscopy. Apart from the main components (boron 54.15 mass% and
carbon 44.13 mass%) the sample, prepared from boron trichloride (Fig. 7a), comprises
oxygen and iron with concentration of 1.62 and 0.1 mass%, respectively. The content of
carbon different from stoichiometry indicates its presence in sample not only in the form of
B4C compound but also in the form of free carbon. The presence of oxygen can be

(a) (b)

Element |Weight, % Element |Weight, %

B 5415
o} 4413
o) 1,62
Fe 0,10

B 3767
C 58,20
0 413

02 04 08 08
Full Scale 211 cts Cursor: 1.255 (7 cts)

Fig. 7 Morphology of B4C samples prepared with the use of boron trichloride (a) and boron trifluoride
(b) with their elementary composition (c¢) and (d), respectively
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explained by adsorption from atmosphere and the entry of iron is possibly due to etching of
structural materials by HCI formed during plasma-chemical process.

The morphology of this sample (Fig. 7c) proves its compact form despite the fact that a
part of carbon, as it has been mentioned, is present in its free form and can be the reason for
lamination. In X-ray fluorescence spectrum the band of boron in the sample of boron
carbide (Fig. 7b), prepared from boron trifluoride, has substantially less intensity as
compared with the carbon band and according to the spectrum the content of B4,C and C in
this sample is at the same level. The sample of boron carbide (Fig. 7d) has a layered
structure. It can be assumed that the growth of B4C is of layer-to-layer nature. As it has
been already mentioned, the required condition for growth is the preliminary deposition of
graphite layer on electrode surface (Fig. 6). That is why the samples, grown under these
conditions, should have a substantial amount of free carbon. The prepared sample is of
porous nature which assists the increased adsorption of oxygen from atmosphere (the
content of oxygen is 4.13 mass% against 1.62% in the first sample).

X-ray phase analysis of both samples, given in Fig. 8, proves the presence of the carbide
phase of B4C. In B,C sample, prepared with the use of boron trichloride (Fig. 8a), apart
from the phases of boron carbide and free carbon the phase of W,Bs is also registered. It
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Fig. 8 X-ray phase analysis of boron carbide prepared with the use of boron trichloride (a) and boron
trifluoride (b)
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Table 1 Content of impurities in B,C samples prepared with the use of boron trichloride and boron
trifluoride

Element C (at.%) Element C (at.%)

B,4C from BCl, B,4C from BF; B,4C from BCl; B4C from BF;
N 2x 1072 3x 1072 Ca 3x 1073 2x 1073
0 0.3 0.8 Ti 1 x107* <2 x 1073
F 4 %1073 1.2 Fe 8 x 107° <2 x 107°
Na <5x107* <1 x107* Ni <2 x 1073 <2 x 1073
Mg 2 x107° <1 x 1077 Mn <2 x 107 <2 x 1077
Al 8 x 107* <l x 107° Cu <3 x 1073 <3 x 107°
Si 1x1073 2 x 107! Zn <4 x 107° <4 x 107°

<l x 1073 3x107° Ge <4 x 1073 6 x 1073
S <4 x 1074 <4 x 107* w 4 %1072 <1 x 107

can be assumed that the entry of W into sample takes place due to etching of tungsten
electrode by HCI. B,C sample, prepared with the use of boron trifluoride (Fig. 8b), has
intensive bands connected with the phase of free boron and boron carbide which is in
agreement with the data of X-ray fluorescence analysis.

Table 1 shows the impurity composition of both B,C samples according to the data of
laser mass spectrometry. The increased content of the impurities of oxygen, fluorine,
silicon, iron and tungsten should be noted. The presence of iron and tungsten at rather high
level in B4C sample, prepared from boron trichloride, is due to erosion of tungsten elec-
trode and nozzle made from stainless steel under the effect of HCI. Since hydrogen
chloride does not react with silica walls of reactor, silicon impurities do not enter this
sample of boron carbide. On the contrary, in B4,C sample, prepared with the use of boron
trifluoride, the etching of silica takes place

4HF + Si0, — SiF, + 2H,0, (10)

proved both by appearance of the band of impurity SiF, in IR spectrum of exhaust gases
(Fig. 4a) and by increased content of silicon in corresponding sample of carbide.

Conclusion

Bulk samples of polycrystalline boron carbide were prepared in plasma sustained by arc
RF discharge by PECVD method with the use of methane, boron fluoride and boron
chloride as the initial compounds. The main gas-phase and solid phase products during
synthesis of carbide are found and the chemical reactions, responsible for their formation,
are considered. Assumptions are made on the growth mechanism of polycrystalline boron
carbide on the surface of electrodes. Morphology and phase composition of carbide,
prepared with the use of different initial substances, are investigated. It is found that in both
cases the samples of boron carbide comprise the carbon phase. On the basis of analysis of
the obtained experimental data the further ways of investigation can be proposed with the
goal of their optimization and preparation of B4C of higher quality.
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