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p-rhombohedral boron carbide (B,C) was deposited on a tungsten substrate from a
BCl;—H,—CH4 gas mixture in a dual impinging-jet chemical vapor deposition reactor.
On-line FTIR analysis of the product stream proved the formation of BHCIl; and HCI
as by products, in a competing parallel reaction. A maximum of 13% chemical yield of
boron carbide was observed, and the yield was found to have increasing trend with an
increase in temperature. XRD analysis proved the existence of rhombohedral B,C
phase at 1300°C without any other B,C phases or impurities. At this temperature, the
formation of 5-fold icosahedral boron carbide crystals up to 30 micron sizes was
observed. Such highly symmetric crystalline regions were observed to have a very high
hardness value of 4750 kglmm® as revealed from the microhardness analysis. The
change in product morphology at low substrate temperatures resulted in a decrease in
the hardness values. © 2009 American Institute of Chemical Engineers AIChE J, 55: 2914~
2919, 2009
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Introduction

Among the refractory carbides family, boron carbide occu-
pies a special place due to its excellent mechanical, physical,
and chemical properties. It exhibits high hardness, high
modulus, high wear resistance, and low density, together
with high chemical and thermal stabilities. There is an
increasing interest for boron carbide for high technology
applications especially in military, nuclear, medical, and
space industries. It is a potential p-type semiconductor mate-
rial in the microelectronics industry." All such high technol-
ogy applications require high quality and well defined boron
carbide, which usually necessitates a vapor deposition tech-
nology. Boron carbide exhibits different crystalline structures
and the most stable phase of boron carbide is the rhombohe-
dral phase with a stoichiometry of B;3C, and B,C; (or
B4C). This phase exhibits a wide homogeneity range from 8
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to 20 atomic % carbon concentrations, and the material
properties are highly dependent on the chemical composition
of the products. So that, for any high technology applica-
tions, it is crucial to keep the phase homogeneity within the
required limits to produce well defined products with desired
properties. Chemical vapor deposition offers the advantage
of a well controlled deposition of high purity and single
phase boron carbides.? It is possible to deposit films of uni-
form thickness and low porosity even on substrates of com-
plicated shape in this process.> In the CVD process, various
reactant gas mixtures containing boron, hydrogen, carbon,
and halogen are used to deposit boron carbide on various
substrates. Several reaction gas mixtures are BI;—CHy,,
BCl;—CH,—H,, BBr;s—CH,—H,, and BCl;—CCl,—H,.*

The extensive research on CVD of boron carbide usually
focused on product morphology, microstructure, and chemi-
cal composition investigations with respect to various depo-
sition conditions.”™'! There are a limited number of studies
on the kinetic analyses and they are usually based on ther-
modynamic considerations or experimental rate studies based
on the deposition thicknesses per unit time.'*™'* The detailed
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Figure 1. Schematic drawing of the experimental apparatus.

kinetic investigation requires combinatorial analysis of the
product composition together with the chemical analysis of
the reactor effluent gases, which was carried out previously
by our research group using a dual impinging-jet reactor.'>'®
In other words, our research group has studied the chemical
kinetics of B4C deposition on a tungsten substrate in a dual
impinging jet reactor in which diffusion limitations are mini-
mized and has also obtained true experimental kinetic data.'®
Using the true kinetic data, reaction mechanism has been
proposed and rate expressions have been obtained.'’ The
impinging-jet reactor configuration is an ideal geometry
especially in kinetic investigations because of the ability to
minimize the mass transfer limitations on the reaction
kinetics. Our earlier studies had also shown that the conver-
sion values obtained in the impinging-jet reactor were at
least five times higher than the conversion values obtained
for the same reaction in a parallel flow CVD reactor.'®"”
Besides, the stagnation region produced as a result of jet
impingement on the substrate surface leads to highly uniform
and well mixed gas concentration distribution at the substrate
leading well defined microstructures. The turbulent stagna-
tion zone above the substrate surface may have great effect
on the morphology of boron carbide deposited. The forma-
tion of by-product BHCl, was already proven by our group
from the spectrophotometric analysis of the reactor efflu-
ent.'® So, the estimation of the chemical yield of boron car-
bide becomes an important concern in terms of process
economy and optimization, which is a missing analysis on
the literature of the boron carbide CVD. The yield analysis
of boron carbide deposition from the CVD and other techni-
ques has not been available in the literature. In this study, it
was aimed to investigate the effect of the deposition temper-
ature and composition on chemical yield, together with the
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phase and morphology investigations of the boron carbide
produced by the CVD method, using a previously optimized
concentration of reactant gas mixture and to measure the
hardness property of boron carbide synthesized at different
temperatures.

Experimental

Boron carbide films were deposited on the tungsten sub-
strate from a reactive gas mixture of BCls, CHy, and H; in a
dual impinging-jet reactor at different temperatures and ini-
tial compositions. The diagram of the experimental apparatus
is given in Figure 1. Details of the reactor and the reactor
system were published elsewhere.'®!” Reactant gases, BCl;,
CH,, and H, were fed to the reactor through the two orifices
(0.5 mm diameter) in the middle of the reactor to provide
well impingement on to the both sides of the tungsten sub-
strate which hangs vertically between the two electrodes in
the reactor. Flow rates of the reactant gases were controlled
by mass flow controllers keeping the total volumetric flow
rate at 200 sccm in all experiments. The tungsten substrate
(3 cm length, 3 mm width) was heated to the desired reac-
tion temperature resistively by applying DC power, and tem-
perature measurements were carried out continuously at
different locations over the substrate surface during the
experiments by an optical pyrometer. The on-line chemical
analysis of the reactor effluent was done by using a Perkin
Elmer Spectrum One model Fourier Transform Infrared
Spectrometer equipped with a Specac Sirocco Series heat-
able gas cell. The path length of the IR beam in the gas cell
was variable which allowed the adjustment of best path
length value for the specific experimental requirements. For
the composition ranges utilized in this study, a path length
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value of 8 meters was adjusted. To obtain quantitative infor-
mation on the compositions of the reactor inlet and outlet
streams, the FTIR spectra of methane, boron trichloride, and
hydrochloric acid were calibrated, before starting the actual
experiments. The experiments were carried out with a meth-
ane mole fraction range of 0.018-0.042 and a boron trichlo-
ride mole fraction range of 0.023-0.0118, in excess hydro-
gen. The substrate temperature was changed between 1000
and 1400°C.

The product morphologies were characterized by XRD
analysis (Philips PW 1840) and surface images of the films
were obtained by SEM (JOEL JSM-6400). The microhard-
ness measurements were carried out using a microhardness
tester (Instron Tukon 2100B) having a diamond pyramid
indenter. Before the hardness analysis, the samples were bur-
ied into bakalite molds and their top surfaces were polished
with diamond paste having 3 um particle sizes in a mechani-
cal polisher (Metkon-Gripo).

Results and Discussion

The on-line FTIR analysis of the reactor effluent stream
proved the formation of BHCIl, and HCI as the only stable
by-products. Together with the reactant gases BCl;, CHy,
and H,, and the solid product B4C, there are altogether six
chemical species involved in the reaction system. The fol-
lowing two overall independent reactions, boron carbide (1)
and dichloroborane (2) formation reactions, are considered
for the CVD of boron carbide;

BCls(g) + Ha(g) + 1/4CH,(g) = 1/4B,C(s) + 3 HCI(g)
(D

BCl;(g) + Ha(g) = BHCl,(g) + HCI(g) 2)

In this study, the fractional yield was defined as the ratio
of the actual amount of boron carbide deposited to the theo-
retical amount of boron carbide that would be produced for
the complete conversion of the key component BCl; into
B,C.
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Figure 2. Effect of initial BCls/CH; mole ratio on B4C
yield (ygcio = 0.023-0.118, ych, = 0.018-
0.042, in hydrogen, T = 1150°C).
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Figure 3. Effect of temperature on B,C yield (ygci,o =
0.081, ycH,o = 0.02, in hydrogen).

where Rpc is the formation rate of boron carbide and
defined as,

1 YCHyo — YCH,
Regc=~Foq—— 1 —
) 4°° (%YCH4 =+ %)yBCL;o

A more detailed analysis of reaction phenomena and
stoichiometric calculations was presented in our previous
publication.'®

Effects of inlet molar ratio of BCl; to CHy, and substrate
temperature on boron carbide percentage yield are depicted
in Figures 2 and 3, respectively. Boron carbide percentage
yield decreases significantly with increasing BCl; to CHyu
inlet molar ratio. Our mechanism determination studies indi-
cated that, among the many reaction mechanisms studied,
the mechanism which involves the adsorption of BCl; on the
substrate surface and the formation of dichloroborane in the
gas phase gave the best agreement with the experimental
data."” So that increasing inlet BCly molar fraction does not
cause significant increase in the formation rate of boron car-
bide. Low BCl3 inlet molar fractions can be considered for
high yields; however, great care should be taken into account
to produce well defined boron carbide in the desirable homo-
geneity range. There is almost a linear increase in the boron
carbide yield with increasing the substrate temperature.
Boundary layer estimations, which are based on the empiri-
cal correlations presented by Martin® for the impinging-jet
system used in this study revealed that the temperature
changes from 1150°C to 300°C through a 0.38 mm distance
from the substrate surface, so it is reasonable to assume a
steep temperature gradient through the boundary layer in the
gas next to the substrate surface. It may be expected that a
change in surface temperature in this impinging-jet system
may have smaller effect on the gas-phase kinetics and hence
less impact on the reaction rates compared to the solid-phase
kinetics in the formation of boron carbide. Therefore, the
great increase of B4C formation rate with temperature rise,
when compared with the formation rate of BHCI,, causes
boron carbide yield to increase substantially.

The maximum boron carbide yield observed in the studied
temperature and composition ranges in this study was 13%.
Such poor yields are usually observed in CVD systems
involving parallel side reactions. This low yield could be
attributed to the high formation rate and selectivity of
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Figure 4. X-ray diffraction patterns of the samples pro-
duced at different substrate temperatures
under atmospheric conditions with initial
boron trichloride to methane molar ratio of
4.0 and with a temperature of: (a) 1300°C, (b)
1200°C, and (c) 1100°C.

competing dichloroborane formation reaction when com-
pared with the boron carbide formation reaction. Also, boron
carbide formation reaction may occur far from equilibrium
within the studied temperature range, which may be another
reason for observing poor yield.

Temperature had not only strong influence on the chemical
yield of boron carbide but it also had great influence on the
product composition and morphology. The change of the
crystalline structure of the films with the substrate tempera-
ture was studied by powder XRD analysis and SEM. The
X-ray diffractograms of the films produced at 1100, 1200,
and 1300°C are shown in Figure 4. The most intense diffrac-
tion peaks were observed from the (021) and (104) reflec-
tions, which are both characteristics of rhombohedral boron
carbide. However, there is a change in the 20 angular
position of both reflections with temperature variation. At
1300°C, (021) and (104) reflections are observed at 20 angu-
lar positions of 37.8 and 34.95, respectively, which both cor-
respond to technical grade thombohedral B,C5 stoichiometry
(JCPDS 35-798).>' The diffraction peaks observed at 20
angular positions of 22.3 and 23.5 belongs to the (003) and
(012) reflections, respectively, which also corresponds to the
rhombohedral boron carbide. With a decrease in temperature,
the angular positions shift to lower 20 angles at both reflec-
tions, implying a structure change. The reflections observed
at 1200°C are more like the ones obtained at 1300°C, with an
angular deviation of only 0.3° of 20. The shifts are especially
significant at 1100°C, at which rhombohedral boron carbide
reflections represent a B;3C, structure (JCPDS 33-225).21
Therefore, it may be concluded that less carbon atom can be
introduced into the B—C structure with a decrease in the sub-
strate temperature. In the crystal structure of the rhombohe-
dral boron carbide, 5-fold boron icosahedra are linked
directly through covalent bonds and also by a chain of three
atoms located on the principal body diagonal of the rhombo-
hedron, as shown in Figure 5. 12-atom containing boron ico-
sahedra together with the 3 atom diagonal chain builds up a
15-atom unit cell.”? The change of the stoichiometry of our
products with temperature change is possibly due to the
replacement of one carbon atom with one boron atom in the
C-B-C icosahedral chain, leading B-B-C structure, at lower
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temperatures.”> The presence of d-WB is observed only at
1100°C with the characteristic (105) and (112) reflections. At
lower temperatures, boron contents of the films are higher
and more boron atoms could have chance to diffuse through
the substrate surface, forming tungsten boride phases at the
interface. In addition to the 6-WB and r-B4C peaks, the char-
acteristic peak of SiO, at 20 angular position of 26.5° was
observed. The samples were made powder in a pestle made
of quartz, which may possibly be scraped into the powder by
harder boron carbide particles.

The change of surface morphology was also observed
clearly after having SEM images of the samples produced at
three different temperatures. With an increase in the sub-
strate temperature, a great change in the microstructure was
observed (Figure 6). At 1100°C, a few micron size pyrami-
dal crystal facets are seen. At 1200°C, the grain size
increases substantially up to around 5 um. At this tempera-
ture, the surface of the pyramidal geometry is covered by
tiny and uniform grains, which could be an indication of a
second nucleation and growth mechanism. At 1300°C, at
which the existence of only stoichiometric rhombohedral
phase was proven by XRD analysis, the surface is covered
by 1040 micron size crystals having perfect 5-fold icosahe-
dral symmetry (Figure 6c¢). This is a very striking observa-
tion because such large crystals having 5-fold symmetry are
rare in nature and in the literature studies due to the lack of
long-range translational symmetry for those crystals. It is
known that, if the extremities of a single crystal are permit-
ted to grow without any external constraint, the crystal
assumes a regular geometric shape having flat faces, and its
shape is indicative of the crystal system. The basic icosahe-
dral units of rhombohedral B4C structure might act as nuclei
to build up large microscale icosahedral crystals with 5-fold
symmetry.24 Quite a number of massive 5-fold icosahedral
crystals with a grain sizes larger than 30 micrometer can
easily be seen in Figure 6c.

The mechanical properties of boron carbides consisting of
such massive icosahedral crystals are believed to be
improved further because of high degree of symmetry
observed. Hardness is among the most important mechanical
properties of boron carbide, together with high strength and
low density. Hardness measurements were carried out for

.Bumn sile in the chain
(©) Cabon sites at the end of the chain

Boron atom
Curbon stom

Figure 5. Rhombohedral structure of boron carbide.?®
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three different B,C samples produced at 1100, 1200, and
1300°C, and the results are depicted in Table 1. There is an
increasing trend in the hardness value with a temperature
rise. This is a highly expected result considering above dis-
cussion, such that, temperature has strong influence on both
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Figure 6. SEM images of the samples produced at dif-
ferent temperatures: (P = 1 atm., ycu,/YBecl, =
0.25, in hydrogen at reactor inlet) (a) 1100°C,
(b) 1200°C, and (c) 1300°C.
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Table 1. Effect of Temperature on Vickers Hardness
of Boron Carbide

Temperature (°C) Vickers Hardness (kg/mmz)

1100 3850
1200 4085
1300 4750

chemical composition and microstructure. With temperature
increase, B/C ratio of the boron carbide deposits decreases,
due to the entrance of more carbon atom into the structure at
higher temperatures, as revealed from the XRD analysis. In
CVD synthesized boron carbide, hardness values increase
with increasing carbon content within the phase homogeneity
range.*** Tt was concluded that the hardness increase with
temperature is resulted from both, increase of bound-carbon
content (not free graphite) and evolution in the microstruc-
ture of boron carbide with temperature. Especially, at
1300°C, the formation of large icosahedral B4C crystals is
believed to be one of the main reasons for the very high
hardness value observed.

Conclusions

The deposition of f-rhombohedral boron carbide on the
tungsten substrate was achieved by a relatively simple pro-
cess. Maximum boron carbide yield was observed at high
substrate temperature and low inlet boron trichloride to meth-
ane molar ratio. The low yield values observed were attrib-
uted to the high formation rate and selectivity of competing
dichloroborane formation reaction. The formation of massive
5-fold icosahedral boron carbide crystals up to 30 micron
sizes was observed. Ultra high hardness value observed for
these large crystals proved the improvement of mechanical
properties due to the long range symmetry. Surface morphol-
ogy and product composition changed with the change in
deposition temperature. The change of the crystalline struc-
ture and the decrease in the carbon content of the deposits
caused significant decrease in the measured hardness values.
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Notation

Rg,c = formation rate of boron carbide (gmol/min)

MW; = molecular weight of component i (g/gmol)
t = deposition duration (sec)
F, = total inlet molar flowrate (gmol/min)

x; = conversion of BCl; to component i
YBClo = initial mole fraction of BCl3
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