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Summary 

Efforts to produce chemically vapor-deposited tungsten, having a fine, 
thermally-stable microstructure, are reviewed. An experimental approach, 
which involved the reactant thorium acetylacetonate, in addition to hydrogen 
and WF,, was used to prepare tungsten having such a microstructure. 

Introduction 

In the past 15 years or so, chemically vapor-deposited (CVD) tungsten 
has found considerable application as a high-temperature structural materi- 
al. Even wider application would probably be realized if the short-time, ele- 
vated temperature strength of this material could be improved. This could 
be accomplished by producing a fine-grain deposit having considerable re- 
sistance to high-temperature grain growth, instead of the more usually 
found large grain columnar deposit. 

One mechanical means of refining the structure of CVD tungsten has 
been reported [ 11. These authors produced short sections of fine-graincd, 
equiaxed fluoride tungsten (tungsten deposited from WF,) by rubbing the 
deposit, during its formation, with tungsten wires. In this manner, the en- 
ergy barrier to nucleation is lowered sufficiently to permit new grains to 
form. The microstructures of these deposits, however, were stable only up 
to about 1800 “C 121. 

To achieve grain stability at higher temperatures, additions, that are 
themselves stable, must be made to the deposited structure which will ef- 
fectively pin the grain boundaries; these additions are of two types. 

The first type is comprised of voids or gas-containing bubbles. Since 
these are formed during post-deposition heat treatment they provide micro- 
structural stabilization but no grain refinement. These voids or bubbles form, 
mostly at grain boundaries, as the result of the agglomeration of atomic or 
molecular sized “impurities”. Intrinsic “impurities” (those which are formed 
as the natural result of the deposition of elemental tungsten by the reaction 
of hydrogen and a tungsten halide) were once thought to be comprised sole- 
ly of a gas or gases present in the deposition system. For example, fluorine 
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and/or a fluorine-containing gaseous compound such as WFI [ 31 are nor- 
mally found in fluoride CVD tungsten. More recent evidence [4] suggests, 
however, that the source of the intrinsic “impurities” is excess vacancies 
formed during deposition. The coalescence of the gaseous and vacancy “im- 
purities” is believed to provide the bubbles or voids. 

No such intrinsic “impurity” stabilization has been reported for chlo- 
ride CVD tungsten (tungsten deposited from WCls). As suggested by Farrell 
et al. [4], the high deposition temperature normally associated with this ma- 
terial (1000 - 1200 “C as compared with 600 - 800 “C for fluoride CVD tung- 
sten) permits increased surface mobility of tungsten atoms, with a presumed 
consequent reduction in the concentration of excess lattice vacancies. The 
relative structural instability of chloride CVD tungsten compared with its 
fluoride counterpart is typified by the grain growth data of ref. 5. 

Extrinsic “impurities” (those which are added or formed during depo- 
sition as the result of the introduction of a third reactant to produce bub- 
bles or voids) have been used in attempts to stabilize chloride CVD tungsten. 
Additions of potassium, aluminum, and silicon, in the form of their chlo- 
rides, have been made in the expectation that post-deposition annealing 
would create bubbles containing potassium vapor [6]. A detailed description 
of this particular means of structural stabilization is given in ref. 7. A further 
attempt at stabilization by the addition of extrinsic “impurities” (with the 
attendant purpose of refining the tungsten grain size) utilized the formation 
and subsequent thermal decomposition of WzN formed during deposition 
by the addition of NHs gas to the reactant gas stream [8]. 

In addition to forming voids or bubbles, a second type of grain stabili- 
zation has been employed in which a chemically-formed, dispersed, solid 
phase is co-deposited with the tungsten. In this manner, some stability (and 
grain refinement) has been achieved by the introduction of gaseous com- 
pounds to yield HIN [9], tungsten silicides [lo] and carbon (of unidenti- 
fied form) [ll, 121. 

In the present work a brief study was made to determine the feasibil- 
ity of co-depositing fluoride tungsten and ThOz to yield a fine grain, dis- 
persion-stabilized microstructure. 

Experimental 

Initially, undoped tungsten was deposited by the hydrogen reduction 
of WFs onto an inductively-heated molybdenum substrate. The temperature 
was measured by a thermocouple placed in the annular opening of the sub- 
strate. Previous correlations had been made between the annulus tempera- 
ture and the outer surface (deposition) temperature which was measured 
with an infrared-radiation sensor unit. The deposition parameters included 
a hydrogen /WFs ratio of 10, a total pressure of 20 Torr and a tem- 
perature of 650 “C. 

Further deposition to produce an overlay of thoriated tungsten was 
accomplished without altering the experimental apparatus or opening the 
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system to the air. The alloy deposit was prepared by injecting, alternately, 
thorium acetylacetonate, Th[(C5H702)4], and a mixture of hydrogen and 
WFs for intervals of 10 s and 2 min, respectively. The parameters used dur- 
ing the WFs-hydrogen injection part of the deposition were identical with 
those used for the initial deposition of undoped tungsten, except that the 
system pressure was 80 Torr. During the dopant injection part of the alloy 
deposition, the parameters included a system pressure of 140 Torr, a flow 
rate of helium carrier-gas through the thorium acetylacetonate saturator of 
1000 cm3/min, saturator and saturator feed-line temperatures of 250 “C and 
300 ‘C, respectively, and a deposition temperature of 1150 “C. 

Following sectioning and selective acid dissolution of the molybdenum 
mandrel, samples of the tungsten (doped and undoped) were analyzed for 
composition and microstructural stability following high-temperature vacu- 
um annealing for 75 min at temperatures of 2060,2175 and 2285 “C. 

Results 

The microstructure of the as-deposited material is shown in Fig. 1. The 
alternate injections of dopant compound and WFs-hydrogen produced a 
fine-grain, banded structure within the layer of doped tungsten. The undoped 
tungsten is typical of that formed by conventional CVD practice in that, ad- 
jacent to the substrate, the structure is fine, while at a distance from the 
substrate, fully-developed, coarse, columnar grains are found. From an en- 
larged view of this duplex (doped and undoped) structure (Fig. 2) it was es- 
timated that within the doped tungsten the short dimension of the grain 
structure is about 2 pm or less. This represents an achievement of consider- 
able grain refinement since the grain width of the undoped, fully-developed 
columnar structure is about 30 pm. 

Following annealing at 2060 ‘C, the grain size of the undoped tung- 
sten increased to about 80 Rrn whilst that of the doped tungsten increased 
to approximately 10 pm (Fig. 3). Small voids (bubbles) were found within 
the doped material (Fig. 4) following this annealing treatment. The more 
severe thermal treatments of 2175 and 2285 “C produced both increased 
grain growth in both materials and increased void size in the doped mate- 
rial (Figs. 5 and 6). 

The greater void population found near the boundary with the undoped 
tungsten is felt to be associated with the experimental observation that the 
initial dopant injection was more voluminous than succeeding ones. 

The results of chemical analyses of the doped and undoped material 
are given in Table 1. Subsequent analysis for thorium, both by X-ray fluo- 
rescence and electron microprobe methods failed to detect its presence. The 
thorium content was judged to be zero. 

Discussion 

It was the intention of this work to produce a fine-grain, stabilized CVD 
tungsten by the addition of ThO,. The desired result was obtained, but ob- 
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Fig. 1. As-deposited doped and undoped CVD tungsten. (X 75) 
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Fig. 2. Enlarged view of section of deposit shown in Fig. 1. (X 400) 

viously not by the means proposed, since the deposited material was found 
to contain no thorium. The means by which structural fineness and stabil- 
ity were achieved are analyzed in the following discussion. 

Undoped fluoride CVD tungsten possesses, at least within the respec- 
tive reported ranges for fluorine and oxygen content of 1 - 110 ppm and 
5 - 150 ppm, a fairly coarse, columnar structure [3,13 - 161. The fluorine 
and oxygen contents found in the doped tungsten of the present work are 
well within these respective ranges and thus preclude these gases from ef- 
fecting the observed grain refinement in this material. 
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Fig. 3. Doped and undoped CVD tungsten following annealing for ‘75 min at 2060 ‘C. 
(x 100) 
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Fig. 4. Enlarged view of section of deposit shown in Fig. 3. (X 400) 

Carbon contents of up to 40 ppm have produced no grain refinement 
in fluoride-produced CVD tungsten [3, 13 - 161. Considerable grain refine- 
ment has, however, been reported for higher carbon contents - e.g., 100 - 
150 ppm [ll] and 210 - 470 ppm [X2]. These observations, along with the 
demonstrated absence of thorium, suggest that the grain refinement achieved 
is due to the presence of carbon. 

Although present in sufficient amount to strongly influence nucleation 
behavior, more carbon would need to be present in order to provide a second 
phase sufficient to effect the observed high-temperature structural stability. 
Another explanation for this stability must be considered. 
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Fig. 5. Doped and undoped CVD tungsten following annealing 
(X 400) 
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for 75 min at 2175 ‘C. 
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Fig. 6. Doped and undoped CVD tungsten following annealing for 75 min at 2285 *C. 
(X 400) 

It is a generally accepted observation that in fluoride CVD tungsten, 
deposited within its normal temperature range of 600 - 800 “C, the pres- 
ence of about 10 - 25 ppm of fluorine is desirable [3,13, 14 1. Its presence 
in these amounts has been related to a certain degree of high-temperature 
(greater than 1600 “C) grain stabilization caused by the formation of bub- 
bles at grain boundaries. For lesser amounts of fluorine, too few bubbles are 
formed to provide stabilization. Greater amounts of fluorine have been as- 
sociated with the high-temperature formation of bubbles of sufficient size 
and quantity to weaken the structure [IS]. 
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TABLE 1 

Analytical results for CVD fluoride tungsten 

___-- ----- -.-----__- 

Concentration (ppm by weight) 

Element Undoped W Doped W 

C 
0 
F 
Th 

40 160 

10 32 
10 

N.D. 

N.D. Not determined. 

These observations are borne out by the results of the present work 
but provide no explanation for the greater stability (greater propensity for 
bubble formation) of the “doped” tungsten as compared with that of the 
pure tungsten. Since the deposition temperature for both materials was low 
(650 “C), one possible explanation is provided by the work of Farrel et al. 
[4], discussed previously. Although the fluorine contents of the two mate- 
rials are not vastly different, their concentrations of excess lattice vacancies 
could be. The “doped” tungsten was deposited at the relatively rapid rate 
of 25 pm per minute, whilst the rate for pure tungsten was a more typical 
12 pm per minute. Intuitively, one would expect excess lattice-vacancy con- 
centration to vary proportionately with deposition rate and thus be able to 
provide, during post-deposition annealing, a greater amount of bubbles to 
the more rapidly deposited “doped” tungsten. 

The absence of thorium in the “doped” tungsten was not accounted 
for. One possible explanation is that the relatively high pressure and tem- 
perature chosen for its decomposition resulted in a level of dopant super- 
saturation sufficient to cause homogeneous gas-phase formation and sub- 
sequent entrainment of any and all thorium-bearing products. 

Conclusion 

Typically, chemically vapor-deposited tungsten is comprised, to a large 
extent, of coarse, columnar grains. In the present work, tungsten possessing 
both a fine microstructure and resistance to high-temperature grain growth 
was chemically vapor deposited by employing the reactants hydrogen, WF,, 
and thorium acetylacetonate. The structural changes effected, however, were 
not the result of achieving a dispersion of Th02 particles as intended. In- 
stead, it was concluded that the fine microstructure resulted from the pres- 
ence of carbon in the deposit while the microstructure’s thermal stability 
was due to the presence of bubbles or voids, the formation of which was en- 
hanced by a rapid deposition rate. 



44 

References 

1 W. R. Holman and F. J. Huegel, in A. C. Schaffhauser (ed.), Proc. Conf. Chemical 
Vapor Deposition Refractory Metals, Alloys and Compounds, American Nuclear 
Society, Hinsdale, Ill., 1967, p. 127. 

2 W. R. Holman and F. J. Huegel, in A. C. Schaffhauser (ed.), Proc. Conf. Chemical 
Vapor Deposition Refractory Metals, Alloys and Compounds, American Nuclear 
Society, Hinsdale, Ill., 1967, p. 427. 

3 J. V. Festa and J. C. Danko, in A. C. Schaffhauser (ed.), Proc. Conf. Chemical 
Vapor Deposition Refractory Metals, Alloys and Compounds, American Nuclear 
Society, Hinsdale, Ill., 1967, p. 349. 

4 K. Farrell et al., in J. M. Blocher, Jr. and J. C. Withers (eds.), Chemical Vapor 
Deposition-Int. Conf. 2nd, The Electrochemical Society, New York, 1970, p. 263. 

5 W. A. Bryant, J. Vat. Sci. Technol., 11 (1974) 695. 
6 W. C. Yang et al., in G. F. Wakefield and J. M. Blocher, Jr. (eds.), Chemical Vapor 

Deposition-Int. Conf. 4th, The Electrochemical Society, New York, 1973, p. 382. 
7 H. G. Sell and R. Stickler, Westinghouse Eng., 32 (1972) 14. 
8 R. L. Landingham and J. H. Austin, J. Less-Common Met., 18 (1969) 229. 
9 R. L. Landingham and A. W. Casey, J. Less-Common Met., 26 (1972) 173. 

10 J. S. Lo et al., in G. F. Wakefield and J. M. Blocher, Jr. (eds.), Chemical Vapor 
Deposition-Int. Conf. 4th, The Electrochemical Society, New York, 1973, p. 74. 

11 P. Rouklove and F. A. Glaski, in F. A. Glaski (ed.), Int. Conf. Chemical Vapor 
Deposition, 3rd, American Nuclear Society, Hinsdale, Ill., 1972, p. 647. 

12 F. W. Hoertel, U. S. Bur. Mines Rep. Invest. 6731. 
13 K. Farrell et al., in A. C. Schaffhauser (ed.), Proc. Conf. Chemical Vapor Deposition 

Refractory Metals, Alloys and Compounds, American Nuclear Society, Hinsdale, Ill., 
1967, p. 363. 

14 H. E. McCoy and J. 0. Stiegler, in A. C. Schaffhauser (ed.), Proc. Conf. Chemical 
Vapor Deposition Refractory Metals, Alloys and Compounds, American Nuclear 
Society, Hinsdale, Ill., 1967, p. 391. 

15 J. L. Taylor and D. H. Boone, J. Less-Common Met., 6 (1964) 157. 
16 J. C. Danko et al., in J. M. Blocher, Jr. and J. C. Withers (eds.), Chemical Vapor 

Deposition-Int. Conf. 2nd, The Electrochemical Society, New York, 1970, p. 227, 


