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Abstract 
The deposition conditions of titanium diboride and titanium monoboride were 
calculated under the thermodynamic equilibrium assumption and experimentally 
checked. The theoretical deposition diagram was calculated by the SOLGASMIX 
program. A11 the gaseous and condensed species were taken into account. The 
initial gas mixture was composed of titanium tetrachloride, boron trichloride and 
hydrogen. The calculated diagram shows that low partial pressures of boron 
trichloride and titanium tetrachloride are both required in order to be able to 
deposit titanium monoboride. The deposition experiments were carried out at 
atmospheric pressure in a cold wall reactor. The substrates were either 
molybdenum or molybdenum coated by Tic. They were inductively heated by a 
RF coil to the deposition temperature (1473 K). Special devices were used to 
reach the low partial pressures of titanium tetrachloride and boron trichloride 
necessary to deposit titanium monoboride. The nature of the coatings were 
determined by X-ray diffraction and EPMA-WDS. Titanium diboride as well as 
titanium monoboride was obtained by varying the composition of the initial gas 
phase. The hardness of TiB2 was measured by ultra low load indentation. 

1-Introduction 
Metal borides have been investigated for applications where refractory properties are 
required. Among them titanium diboride (TiB2) has been the most studied for various 
applications such as diffusion barrier 11-31 resistance coating against oxidation [4] or for 
its electrical properties 13. Mainly prepared by conventional chemical vapor deposition 
it has also been obtained by laser enhanced CVD [6] or by a modified hot wire method 
[7J. Most of the papers dealing with conventional chemical vapor deposition are 
concerned with the deposition rate, the morphology and/or the X-ray diffraction 
characterization of the deposits [a-141. The preferred orientation [15] as well as the 
interaction with substrates [16] and mainly metallic substrates 117-181 have also been 
investigated. 
Titanium diboride is easily obtained by CVD from a T i c 4  - H2 and BC13 or B2& gas 
mixture from 700 to 2150°C. Two other compounds are also mentioned in the Ti-B 
phase diagram: the orthorhombic TiB characterized since 1954 [19] and an intermediate 
compound more recently revealed: Ti3B4 [20-2 11. 
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The present paper is intended to check the formation of these compounds by chemical 
vapor deposition and to compare the composition of the phases deposited with the 
predictions of the calculation at thermodynamic equilibrium. 

2-Experimental 
The atmospheric pressure experimental arrangement consists of a cold wall reactor 
made of a quartz tube disposed vertically (Inner diameter 28 rnm), a gas distribution 
system, a heating system and a primary vacuum rotary pump. A liquid nitrogen cooled 
trap attached to the reactor exhaust allows unreacted precursors and by-products of the 
deposition reaction to condense. In order to prevent buoyancy-driven flow recirculations 
the hydrogen carrier gas flowed from the bottom of the reactor towards the down- 
facing deposition surface of the substrate. The initial gas phase was composed of Tic14 - 
BCl3 - Hz. The hydrogen as well as the high boron trichloride flow rates were 
controlled and regulated by means of mass-flowmeters. The BCl3 flow rates lower than 
100 cm3.h-1 were regulated by a special device. For that purpose a volumeter equipped 
with a float made of plastic and provided with an Hg ring was filled with 100 cm3 of 
boron trichloride and its flow during the experiment was regulated by a needle-valve. 
The hydrogen gas was first purified by permeation through a palladium alloy 
membrane. The Tic14 partial pressure was controlled by the dew point method. In such 
a device, the partial pressure of Tic14 is imposed by the regulated temperature of a 
column through which flows the gaseous mixture composed of the carrier gas 
(hydrogen) previously charged with T i c 4  vapor in an evaporator vessel. As the 
temperature of the column is lower than that of the evaporator, excess T i c 4  condenses 
on the wall of the column, leading to the saturation of the carrier gas. The temperature 
of the column can be set to a value in the range - 10 to 15OC, that allows Tic14 flow rates 
of 50 to 240 cm3.h-1 for a hydrogen flow rate of 30 1.h-1, as wnfinned by a 
preliminary calibration. 
The substrates (diameter 16 mm, 0.3 mrn thick) were composed either of pure 
molybdenum or molybdenum coated with T i c  as a diffusion barrier. The deposition 
surface was polished down to 1 pm diamond grain size, sonicated and rinsed with freon. 
The temperature of the substrate which was inductively heated to 1473 K by a RF coil 
(250 kHz generator) was measured by an optical pyrometer (0.65 pm). The 
measurements were corrected for the surface emissivity and for absorption through the 
prism and windows. The CVD system loaded with the substrate was evacuated for 8 h 
and purged with hydrogen for 30 min (30 1.h-1) at the beginning of each experiment. At 
the end, the temperature of the substrate was decreased regularly and the hydrogen flow 
rate was maintained until the whole device had reached room temperature. 
The elemental chemical composition of the deposits was measured by electron probe 
microanalysis with wavelength dispersive spectroscopy (EPMA-WDS). The nature of the 
crystalline phases was determined by X-ray diffraction analysis (XRD) on the surface of 
the samples. 

3-Results and discussion 
Two sets of experiments were carried out at 1473 K and atmospheric pressure: one for 
X(TiC14)=1.7 10-3 and various X(BC13) (table I),  the other for X(BCl3)= 1.0 10-4 and 
various X(TiC14) (table 2). 
- X(TiC14)=1.7 
Five deposits were carried out on molybdenum substrate for X(BC13) ranging from 



1.0 10-4 to 5.53 10-3 (samples 1-5, table 1). The variation of the deposition rate, plotted 
in figure 1, reveals the expected decrease of the deposition rate when X(BC13) decreases. 
The XRD characterization only revealed the TiB2 phase in sample 1 and 2 though a 
composition equivalent to TiB2+B was found from EPMA-WDS, which suggests the 
presence of amorphous boron in the deposit. TiB2 was also found as the main component 
from XRD characterization in sample 3, but weak diffraction lines corresponding to TiB 
were also detected. XRD and EPMA-WDS both provided evidence of TiB deposits for 
samples 4 and 5. Nevertheless weak diffraction lines corresponding to Mo, Mo2B and 
MOB were also detected in these samples on account of the lower thickness of the 
deposits. 
Due to the high solubility of molybdenum both in TiB2 ((Ti,Mo)B2, C 32 structure type) 
and in TiB ((Ti,Mo)B, FeB structure type) [22] which gives rise to the interlayers 
observed by XRD, a diffusion barrier made of a 10 to 15 y m  thick titanium carbide was 
deposited prior to the Ti-B deposits. As a matter of fact, almost no interdiffusion is 
observed between TiB or TiB2 and Ticx [23-241. Samples 6 and 7 which were 
deposited on T ic  under experimental conditions similar to respectively samples 4 and 5, 
are composed of pure TiB. The diffraction pattern of sample 6, presented in figure 2, 
reveals only TiB diffraction lines though additional lines corresponding to T ic  are 
present for sample 7 (lower thickness). 

0.0001 0.001 0.007 
Figure 1: Comparison between the weight increase of the samples (x) and the calculated 
mole number of the condensed phases (+) plotted as a function of the initial molar 
fraction of BC13. X(TiC14)= 1.7 10-3, P= 1 atm, T= 1473 K (experiments), T= 1500 K 
(calculation, without Ti3B4). no I 

Figure 2: TiB diffraction pattern 
of sample 6 (Cu) 
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Table 1: Weight increase of the samples, and results of the thermodynamic calculation as 
a function of the molar fraction of BCl3 in the initial gas phase. X(TiCh)= 1.7 10-3, 
P= 1 atm, T= 1473 K (experiments), T= 1500 K (calculation, without Ti3B4). 

- x ( B c ~ ~ ) = ~ . o  10-4 
Two cohplementary experiments were carried out at low X(BCl3) on molybdenum 
coated with Tic. The decrease of the deposition rate which is observed in figure 3 
resuIts from the modification of the phases deposited. As a matter of fact, TiB is 
deposited at low Tic14 content (sample 7) though a mixture of TiB and TiB2 is obtained 
for X(TiC14) higher than 6.0 10-3 (table 2). As the initial content of BCl3 is fixed for all 
these experiments, the deposition amount of TiB2, which requires twice as much BCl3 as 
for TiB, will be lower than that of TiB. 
As a conclusion of the experimental section, we can say that the TiB2+B (amorphous), 
TiB2, TiB2+TiB and TiB domains of the Ti-B phase diagram can be deposited by CVD, 
but none of the experimental conditions investigated allowed the deposition of Ti3B4 
which was nevertheless expected as an intermediate compound between TiB and TiB2. 

Weight Deposition Deposi ted Calculated 
phases 

X(BC13) increase mg time min XRD+ condensed 
EPMA-WDS phase 

Table 2: Weight increase of the samples, and results of the thermodynamic calculation as 
a function of the molar fraction of Tic14 in the initial gas phase. X(BC13)= 1.0 10-4, 
P= 1 atm, T= 1473 K (experiments), T= 1500 K (calculation, without Ti3B4). 
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2.WE-4 
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Figure 3: Variation of the weight increase of the samples plotted as a function of the 
initial molar fraction of TiC14. X(BC13)= 1 .O 10-4, P= 1 atm, T =I473 K. 

4-Thermodynamic analysis 
Several thermodynamic analyses of the chemical vapor deposition of TiB2 were already 
performed by other authors. After a first attempt to look at the thermodynamic 
calculation of the CVD of TiB2 [13] a more extensive calculation [25] presented the 
deposition diagrams of TiB2 and TiB2+Ti as a function of the Bf(B+Ti) and CI/(CI+H) 
fractions in the reactant gas. This calculation did not include Ti3B4 and the deposition of 
either Ti(S) or TiB was not predicted under any of the CVD conditions investigated. 
More recently [26], the various phase fields accessible by CVD were calculated and 
presented in the quaternary phase diagram Ti-B-H-Cl. Like in the previous case, the 
Ti3B4 solid phase was not considered and the authors concluded, according to the 
extremely narrow deposition domain of TiB, that this compound can be ignored for 
practical CVD purposes. The influence of the substrate has also been taken into account 
in thermodynamic calculation [27] though the list of the condensed or gaseous species 
considered in the calculation were not given. In order to complete such a presentation 
we have also to mention the influence of the mass transport phenomena in the gas phase 
on the shift of the boundaries of the CVD deposition diagram calculated at 
thermodynamic equilibrium [28]. 
In the present paper the deposition diagram corresponding to the formation of the 
condensed phases TiB2, TiB, Ti3B4, Ti and B is calculated from an initial gas mixture 
composed of TiC14-BC13-Hz. The deposition fields are presented in a logarithmic 
diagram of the precursors Tic14 and BCl3, the amount of hydrogen being calculated 
from the equation: X(TiC14)+X(BC13)+X(H2)= 1. In order to perform the 
thermodynamic calculations, the SOLGASMIX program [29] which minimises the Gibbs 
free energy of the whole chemical system was used. Such a calculation requires the 
thermodynamic data corresponding to all the species that may form at equilibrium. The 
thermodynamic values for the condensed species are taken from the most recent 
assessment of the Ti-B phase diagram [30]. The gaseous mixture considered in the 
calculation was composed of Hz, H, CIz, C1, BCI, BC12, BCb, HBCl2, BH, BH2, BH3, 
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B2C14, B2H6, HCl, TiC14, TiC13, TiC12, Tic1 and the corresponding thermodynamic data 
were taken from SGTE data bank [31]. As no thermodynamic values were available for 
H2BC1, these were estimated according to ref. [25]. 
The deposition diagram calculated at 1500 K is presented in figure 4 together with the 
position of the nine experiments above described. In accordance with the Ti-B phase 
diagram seven solid domains are observed and two main regions can be distinguished: 
- for BC13/TiC14>2 the excess of BCl3 is large enough to allow the precipitation of 
boron in excess and the two phased domain TiB2 + B is obtained 
- in the other part of the deposition diagram, the boundaries between the successive 

domains are not dependent on the partial pressure of BCl3 as long as BCl3/TiClq< 0.001. 
BCl3 is in that case completely decomposed and the gas equilibrium that involves the 
titanium subchlorides is not modified by the amount of BC13. As a consequence, the 
titanium activity is only dependent on the partial pressure of Tic14 in H2 and the 
boundaries are perpendicular to the Tic14 axis. At high partial pressures of Tic14 o r  
Tic14 and BC13, titanium and boron remain dissolved in the gas phase and no solid 
deposits are obtained. 
The comparison between the experimental and calculated compositions, shows a good 
accordance for sample 1 as well as for samples 5 to 7. For samples 3 and 8 TiB is 
expected though TiB2+B was deposited and for samples 2 and 9 Ti3B4 is expected 
though TiB was experimentally obtained. 

Figure 4: Calculated deposition diagram 
at 1500K and 1 atm, including Ti3B4. 
X(TiC14)+X(BC13)+X(H2)= 1 

The absence of experimental evidence for the deposition of Ti3B4 may result from an 
extremely narrow deposition domain, which is nevertheless not predicted from a 
thermodynamic point of view, or from the metastability of that compound. The same 
thermodynamic calculation was thus carried out without Ti3B4. The resulting deposition 
diagram is presented in figure 5. The calculated composition of the condensed phases 
compared with the experimental results (table 1, 2) shows that the same samples as in the 
calculation including Ti3B4 are in agreement. The shift of the experimental compositions 
with respect to those calculated can be interpreted as the result of a lower content of 
both X(TiC14) and X(BC13) at the interface gas-substrate than in the initial gas mixture. 



Fiaure 5: Calculated deposition diagram 
at 1500K and 1 atm, without Ti3B4. 
X(TiC14)+X(BCI3)+X(H2)= 1 

5-Hardness of TiB2 measured by ultra low load indentation 
Ultra low load indentation tests were performed on TiB2 samples (Nanoindenter 11, 
nanoinstrument). The indentation sequence was composed of a first cycle with a loading 
rate of 200 pN/s applied to a load of 2 rnN, hold for 10 s and followed by an unloading 
rate equal to the loading rate and performed to a load of 20% of the last maximum. A 
second cycle with a loading rate of 600 pN/s applied to a load of 6 mN, hold 10 s and a 
constant unloading of 250 pN/s. This sequence was used for 10 indentations on the 
sample. 
The modulus thus deduced from the slopes of the tangents in figure 6 (436.02k14.55 
GPa 1st cycle, 532.89k11.98 GPa second cycle) are in good accordance with literature. 
In contrast, the film is very hard with a hardness value higher than that encountered in 
literature (30-35 GPa). The enhancement of these values may be induced by the 
metallographic preparation of the surface. The difference between the hardness 
calculated from the first cycle (36.61k1.45 GPa) and the second one (45.94k1.80 GPa) 
may result from the effect of rounding tip: the influence of the geometry of the round 
part of the tip is still important at very low load. 
The behavior of TiB2 is rather typical of ceramics in terms of elastic contribution in the 
indentation process. 

Disp.  t r i m )  

Figure 6: Load-displacement curve for TiB2 
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