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PROPERTIES OF CVD TUNGSTEN AND TUNGSTEN-RHENIUM ALLOYS* 

W i l l i a m R. Holman and Prank J . Huegel 

Lawrence Livexmore L a b o r a t o r y . U n i v e r s i t y o f C a l i f o r n i a 

Liverraare, C a l i f o r n i a 9 4 5 5 0 

ABSTRACT 

The development of CVD techniques for fabricating free-standing 

tungsten and tungsten-rhenium alloy structures is reviewed. Relationships 

between plating parameters, kinetics, morphology, microstructure, and 

properties of thick polycrystalline deposits are discussed. It is emphasized 

that porosity may be grown into the grain boundaries when the deposition 

rate is controlled by gas phase diffusion, and that fully dense deposits 

are generally obtained when the rate is limited by a surface process. The 

origin and control of many of the microstructural features peculiar to CVD 

are also discussed. 
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INTRODUCTION 

Results of an internal Laurence Livensore Laboratory program aimed at 

the development of CVD processes for fabricating high-strength tungsten and 

tungsten-rhenium alloys were presented in fiefs. 1 through 6. This continuing 

program has provided techniques for fabricating CVD tubing and other products 

with tensile properties equal to those of wrought material. It has also 

resulted in a clearer understanding of some of the interrelationships between 

process parameters, structures, and properties in bulk CVD deposits. 

The program will bo reviewed briefly in the following sections, with 

emphasis on those factors which have baen found to influence the microstructure 

and properties. Earlier discussions an polycrystalline growth processes 

will be amplified, particularly as they apply to our understanding of the 

origins of columnar grains, preferred orientation, grain boundary porosity, 

and other growth-related phenomena. These growth processes all occur on the 

crystal facets which are exposed at the surface of the growing deposit. In 

bulk polycrystalline deposits, the grain boundary morphogenesis — "growth" of 

the boundaries between adjacent crystals —will be treated as the controlling 

factor in determining many of the properties of the deposit. 

BACKGROUND 

Chemical vapor deposition of tungsten by hydrogen reduction of tungsten 

hexafluoride (WF,) has been the basic CVD process used throughout the program. 
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Tungsten-rhoniun a l l ays have been produced Kith e s s e n t i a l l y the Sloe 

cquipaent by CD-depositing tungsten and rhenlun froa a n ix tu rc of WF and 

R«F 6 . 

The pro gran at t h i s laboratory was i n i t i a t e d shor t ly a f t e r the 

f e a s i b i l i t y c f the " f luor ide tungsten" process was repor ted . * As E 

po t en t i a l technique for fabr ica t ing th ick , f ree-s tanding shapes, th is process 

appeared t o offer several advantages over o ther fabr ica t ion raoihods — i f 

comparable mechanical p roper t i e s could be obtained. Therefore, the i n i t i a l 

objec t ives of the projrws included development of techniques for producing 

tungsten depos i t s with meta l lurgica l s t ruc tu res which could be expected to 

exhibi t useful mechanical p r o p e r t i e s . Bxcellent t ens i l e p roper t ies were 

ach ieved , - but the usefulness of the deposi ts was H a l t e d by the Inherent 

b r i t t l e n e s s of unalloyed tungsten at moo temperature. Good caobinations of 
4 

s t rength and d u c t i l i t y were subsequently achieved with rheniua add i t ions , 

however, and the prograa has now progressed to the point where -a-deposltcd 

tungSTcs-r^ermus a l loy p a r t s can be produced with cer^-fntcal properti**;. *qual 

to these obtained in wrought o a t e r l a l s . 

Host of the developccnt work has been carr ied out with an apparatus 

designed to fabr ica te short tubes . In th i s cquipaent, a flowing mixture 

of feed gases i s d i rec ted v e r t i c a l l y upward across a ro ta t ing tubular mandrel 

which is heated Induct ive!? . The design provides for brushing a( Che surface 

during deposi t ion to Increase the nuclcaticm r a t e . 

Specimens for mechanical property evaluat ion arc obtained by s l i c i ng the 

coated tube inandrol) Into r i n g s , ebcalcal ly separat ing the oolyiidenua suh t ra tc 

froa the depos i t , and c icc t ropol i sh ing the free-s tanding CVii r ing . Tonsil** 
3 

p rope r t i e s of the ring speciacrnx are Measured in a r ing t e n s i l e tes t apparatus 
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wherc the r ings a re hydraul ica l ly expanded while the pressure i s measured 

as a function of change in circumference. 

Early tungsten deposi t ion experiments were aimed at producing high-

pur i ty deposi ts with the ful ly dense, f ine-grained, randomly or iented 

raicrestructures which are c h a r a c t e r i s t i c of strong metal products . Puri ty 

was control led by using standard high-vacuun technology, l iquid nitrogen 

traps on tho exhaust, iner t o a t c r i a l s of construct ion, and high-puri ty 

hydrogen (palladium diffused) for the feed s : reap and as a gas blanket 

for those places where shielding from the p l a t ing gas was required. Iiensity 

was found to be influenced iyy the p l a t i n g parameters, geometry, and sever i ty 

of rubbing — as discussed l a t e r . Grain s i ze and o r i en ta t ion were codif ied 

by rubbii.g or brushing the surface. This increased the nucleat ian r a t e , 

suppressed the development of columnar grains with a preferred o r i en ta t ion , 

and produced the desired f inc-gralnod, oquinxed n i c r e s t r u c t u r e . Heat 

treatment below the secondary rccrys tn l l iga t ion tcnpernturc range also 

inproved the p ic ros t ruc tu re and p r o p e r t i e s . The room tcraperature s t rength 

was nore than doubled by these t reatments , but s ignif icant d u c t i l i t y was 

no' obtained — regardless of pu r i t y , densi ty , grain s i r e or heat t r e a t aon t . 

When i t becone apparent that Oi\\ tungsten could not readi ly be produced 

with any g rea te r d u c t i l i t y than piher foras of tungsten, thu program was 

reoriented to include co-deposition of rheniua with the tungsten. This alloy 

deposi t ion wori involved ( I ' developncni of etjuipnci-t for pos i t ive 

displacement metering of prcoUcd liquid fluoride* into .1 th ro t t l ed flash 

evaporator p r io r nixing with hydrogen in the feed l ine , \Z) development of 

high puaping ra te exhaust aysteas with high conductance hot t r aps , condensers, 

and cold t raps for handling large gas loads at low pressures , (3) devclopnent 
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of " tons-cube" fabr ica t ion equipment in which the ro ta t ing tubular taandrel 

i s t r ans la ted hor izonta l ly along i t s axis through the deposi t ion ;onc. and 

(4) s tudies on wechant*oi and the i n t e r r e l a t i onsh ips between p l a t ing 

parameters, deposition- ra ' ies, deposit compositions, heat t r c a t acn t , 

tticroseructure, and nechanicaj p r o p e r t i e s . 

KIKCTtCS 

A. Tungsten 

Deposition ra te s tudies on unalloyed CVD tungsten have shown that 

within the range inves t iga ted , there Is a maxima p l a t i n g ra te which is a 

function only of p ressure and tcatpcrature. This tBaxlaus r a t e is a t ta ined 

when the p a r t i a l pressure of each rcactant and the e a s ve loc i ty over the 

substrate, surface are hath I s r j c enough so that ths r«?.e-cantrotUng 

process changes froa gas-phase diffusion to one of the processes occurring on 

the surface (adsorpt ion, desorpl ion, surface diffusion, or ii surface r e a c t i o n ) . 

If the p a r t i a l pressure of c i t h e r reactatit (H, ar WF ) or the gas ve loc i ty 

i s l e ss than a c r i t i c a l value (for a given pressure and t c s p e r a t u r e ) , then 

tho ra te wil l tie gas -phase-d i f fusion cont ro l led , and deposi t ion wil I occur only 

as fast as the c r i t i c a l reactant can reach (diffuse to) the surface. Under 

chase condi t ions , any r a t e up to the eustr=ua can be obtained hy adjust i r e the 

gas ve loc i ty or coaposi l ion, since these a re tho var iables which contro ' the 

r a t e of gas-phase diffusion to the sur face . 

When the r a t e is surface con t ro l l ed . I . e . , when gas-jihaso diffusion 

is fas t r e l a t i v e to the slowest process occurring on the surface a-«J the r a t e 

is therefore at the naximos for that a r t i c u l a r tewporature and pr«*aurc, then 



the e f fec t s of T^aperaturc and pressure on the aaxieaia ra te arc givei 

appros iea teJ / b,v the expression 

It i s Clio nasinua r a t e , 

C is a constant , 

P is the pressure , 

U Is the (as const. 

T is the absolute icaperature of the subs t r a t e . 

Figure 1, t ah en froa Ref. t , shows the cxperiocntal data which lead to th is 

expression. Hi Is graph also shows sonc data points which were obtained 

at higher temperatures, wlicie Che deposit ion ra te had increased to the 

point where the feed-gas veloci ty or composition was no lunger suff ic ient to 

forcv the process in to the surface-control led r eg t sc . KX a given pressure , 

any data point in Fig. 1 which f a l l s fee Low the s t ra ight l inr defined for that 

pressure hie l:*j, (1) can be considered as located on a r e l a t ive ly f la t doited 

curve which breaks awny froa the Line at the temperature above winch the 

asxieaca ra te can no longer b j achieved. This point of in te rsec t ion , the 

"upper »*atc hreafc," will novo up or down the l ine [lu]. (1)] if e i the r the 

feed-gas ve loc i ty or composition Is changed. To the left of the break poin t , 

i . e . , a lout the dotted curves, the deposit ion ra te i* control led by gas 

pit • - d i f fusion which I* obviously not a strong function of the subs t ra te 

tcaj-cratvvro. To the r ight of the break po in t , i . e . , along the sol id curves, 

the deposit ion ra te is control led by the r a t e of the slowest process occurring 

on the surface. This process is a strong function of substra te temperature 

as indicated by Eq. (1) . 
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t h r e e t heo re t i c a l s tud ies analysing: the surface react ions which t a l e 

place during fluoriiL* tungsten deposi t ion hove been published. ' " The 

f i r s t paper assuaed that desorpt lcn of IIP is the race determining surface 

s t ep and showed chat t h i s assumption is consis tent with the experimental 

r e s u l t s in Fig. 1. The second paper shoved that the experimenta] r e s u l t s in 

Fig. I are also consis tent with ac t ivated adsorption of hydrogen as the r a w 

U n i t i n g s t e p , and suggested experimental s tudies on the e f fec t s of r a t e -

retarding: addi t ives (poisons) as a method for determining which of the 

two proposed mechanics i s c o r r e c t . The suggested cxporisents were car r ied 

out and i t was concluded tha t ac t iva ted adsorption of hydrogen i s probably, 

the r a t e - U n i t i n g surface process when tungsten is deposited by hydrogen 

reduction of tungsten hexaf luar ide , The t h i r d s t u % ~ attctsptcd to t r ea t both 

gas-phase-diffusion-control led data and the surface-control led data given 

in Fig, l . t t concluded that "nana of the models ex t rapola te accurate ly 

bet-ween data se t s without some forced f i t t i n g of the adjustable cons t an t s . " 

H. Tungstcn-Rhcr.iua 

Hhen rhenlun is co-deposited with tungsten, the to t a l deposit ion r a t e 

can be t rea ted as the sun of two ra te s - a pure tungsten r a t e and a pure 

rheniua r a t e . Fron t h i s viewpoint, the deposit composition is fixed by t i e 

r e l a t i v e r a t e s , and th*. individual r a t e s can he calcula ted a f t e r the to t a l 

r a t e and the composition have been dctoraincd. 

Co-deposition esporissents over a very * ide range of experimental 

condit ions a H indicated that the rheniur. r a t e *as always gas-phase-diffuslon 

con t ro l l ed . Apparently the surface processes involved in the reduction of 

ReF. arc a l l qu i t e fast [ r e l a t i v e to KFfe r educ t ion ) , and the rhenium deposi t ion 
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r a t e la therofore i i n l t cd only by the r a t e of t ransport of RoF to the 

surface . Applying nass- t ranspor t theory, the rheniuo r a t e should be a 

function of the boundary lay-r thiclmoss, the concentration gradient across 

the boundary layer , and the diffusion coef f ic ien t . In ivras of aeasurable 

p l a t ing parameters, t h i s has iicen shown' to reduce to the expression 

where 

R„ is the rhoniuia ra te ( to t a l ra te * fraction Re in depos i t ) , 

C is a constant, 

V is the gas ve loc i ty , 

I* is the to t a l p ressure , 

P is the p a r t i a l pressure of RoF . 

Teapcraturc does not appear In the cxpror.slon because the inlet gas 

teaperaturo is constant (nnbiont) and because tenperature var ia t ions in the 

boundary layer (due to heat t ransfer fron the deposit) do not affect the 

rhoniua r i t e s ign i f i can t ly — e*cepe at high subs t ra te temperatures. 

The insens i tkvi ty of the rheniua ra te to temperature combined with the 

large ef fec t of ts&peraiure on the anxious tungsten r a t e \£q. ID)» both lead 

to a large va r i a t ion in the deposit conposition with tenperature - i . e . , as 

the temperature is lowered, the to t a l r a t e and the tungsten r a t e decrease , 

the rheniua r a l e rcnains about the sane, and the rhcnlua concentration in 

the deposit therefore increases . These ef fec ts arc i l l u s t r a t e d graphical ly 

in Fig. 2 (fraa tiof. 4 ) , where the ctraposition and ra t e s for one set of 

p l a t i n g conditions arc given as a function of t capcra turc . The graph a lso 

shows that In the presence of rheniyn the tungsten r a t e i s approximately the 

same as the r a t e for unalloyed tungsten at a l l temperatures in the range 
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wherc the rhenium content of the deposi t i s l e ss than about 25V At 

progressively lower temperatures, whore the rhenium concent i s g rea te r than 

25%, increasing amounts of a metastable second phase, f ede r i t e , arc found in 

the B ic ros t ruc tu re , and the tungsten r a t e becomes increasingly g rea te r than 

the value predicted by t-q. 1. t he appearance of f ede r i t c and t h i s M l o«e r 

r a t e break" both occur at the temperature where the tungsten r a t e i s about 

three t ines the rhenium r a t e — i . e . , at the temperature where the deposit 

contains approximately 25% Re, This i s the optimum composition from 

a mechanical-property s tandpoint , s ince g rea te r rhenium addit ions r e s u l t in 

the appearance of an equil ibrium phase (sigraa phase) which embri t t les the 

s t ruc tu r e . The metastable f edor i t c phase i s a lso qui te b r i t t l e , but i t can 

be transformed to the strong and d u c t i l e terminal so l id solut ion by heat 

t r ea t ing at high temperatures (above 120O*C). If the f ede r i t e is de l ibe ra te ly 

deposited as a d ispers ion of f ine p a r t i c l e s in a matrix of so l id so lu t ion , 

then the p a r t i c l e s wi l l behave as r o c r y s t a l l i r a t i a n nuclei during heat 

t reatment, and a f ine-gra ined, cquiaxed, s ingle-phase sol id solut ion s t ruc tu re 

wi l l develop. This technique has been used to produce strong tungsten-25% 

rhenium al loy depos i t s . Yield s t reng ths of approximately 1.72 * 10 MPa 

(250,000 ps i ) and uniform elongations of 4-5% have been obtained. 

J-CRPIBLOGV, M1CR0STRUCTURE, AND PROPERTIES 

Fully dense, s trong tun? .ten deposi ts a r e general ly obtained only when 

the deposi t ion r a t e i s surface con t ro l l ed . Conversely, ^hen the ra to is 

cont ro l led by gas-phase d i f fus ion , porous deposi ts with low s t rength arc 

often observed, "therefore, p la t ing condit ions tha t wil l ensurr surface control 
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at a i l po in t s on the surface arc general ly selected when optimum mechanical 

p roper t i e s are desired. On extended surface?, t h i s raoy require ra ther high 

flow ra tes and high concentrations to prevent downstream deplet ion of the 

food gas and rovers i r . . to diffusion cont ro l . During a l loy deposi t ion, downstream 

deplet ion of rheniun cannot b-i avoided since the rhenium ra te is diffusion 

cont ro l led . For t h i s reason, a uniform composition cannot he achieved over a 

very large area without providing multiple sources or moving e i t h e r the 

source and/or the s u b s t r a t e . 

Morphology and i t s r e l a t i on to the r a t e cont ro l l ing process were 

discussed in Ref, 1, where i t was esiphasised tha t the growth of thick tungsten 

deposits appears to Involve three overlapping s tages : (1) nuclcation and 

gjflwth of rantloaly or iented c r y s t a l s , (2) stable^ cooperative growth of 

columnar c rys t a l s with a preferred o r i en ta t ion , and (5) uns table , independent 

growth of c r y s t a l s with pores in the grain boundaries. As discussed l a t e r , the 

t r a n s i t i o n frora stage 2 to stage 3 may occur r a the r ear ly and abruptly under 

gas-pltdsc-diffusion-controllcd condi t ions . When the ra te i s surface-control led , 

however, stage 2 growth may continue inde f in i t e ly . 

The t r a n s i t i o n frora stage I to stage 2 was considered as r e su l t i ng fTom 

the normal growth of facet ted c r y s t a l s under conditions where a p a r t i c u l a r 

c rys t a l habit i s .uiopted. ' In the case of f luoride tungsten, where 

the ( ISI) toE*afcedraI) face ts generally predominate, the randomly or iented 

c r y s t a l s which nucleate on the subs t ra te grow on t h e i r exposed surfaces as 

octahedrons. Full e ight -s ided c rys t a l s w i l l not be forsted s ince growth cannot 

occur in the d i r e c t i o n toward ( in to) the subs t r a t e , but four-sided "pyramids" 

dD develop and p e r s i s t on the growing surface . The l ine on the subs t ra te along 

which neighboring c rys ta l surfaces impinge "grows" outward with the deposit to 

fom the grain boundary. If a boundary grows l a t c r l l y , one c rys t a l i s growing a t 
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the expense of i t s neighbor, and the "overgrown" crystal may not survive. 

This i s iMustrated in Fig. 3 where two-dimensional crystals with righ-angle 

facets lave been grown schematically from randomly oriented nuclei to form 

coluanar crys ta l s . The grain boundaries in th is polycrystoll ino deposit wore 

allowed to grow with the deposit; their paths were determined by the locus 

of points where neighboring crystal facet? intersected. In drawing th is 

"nicrostructure," the nuclei were given arbitrary posit ions and orientations 

on the substrate and allowed to grow at a constant rate . The surface contour 

at equal time Intervals i s given by "isochronal" l ines , and the grain 

boundaries are simply l ines connecting the points where neighboring crystals 

happen CO impinge. 

It H clear that crystals oriented with facets inclined at nearly equal 

angles to the substrate survive longer than crystals in which the facets arc 

inclined at different angles - i . e . , crystals in which the orientation i s such 

that the tips or corners are growing in a direction nearly normal to the 

substrate survive longer than crystals In which the t ip direction is more 

inclined. This very simple picture of the origin of columnar gnwrt* and 

preferred orientation appears to explain adequately the structure of fluoride 

tungsten. Three assumptions are made: A preferred set of crystal facets 

develops and pers i s t s on the exposed surface, (2) a l l the crystals grow at 

about the sane rate , and (3) nucleation of new crystals i s a re lat ively rare 

event. Usltng this model, it was predicted that plating conditions which favor 

the davelopaeat of cubic (|G0) facets should result in a [i\l\ preferred 

orientation. This was one of the orientations recently reported in CVD 

chloride tungsten, and the crystals wore, in fact , facetted with three-sided 

pyraaids ((100) facesJ inclined at approximately equul angles to the surface. 
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Utider d i f fe ren t condit ions, t he [100] o r i en ta t ion was also obtained, but 

the c rys t a l habit was not obvious in the published e lec t ron micrographs. ' 

Further evidence that the model i s reasonably correct i s given in 

Fig. 4, where the same schematic procedure i s used to show per iodic nucleation 

una growth of new c rys t a l s on the surface of one growing c r y s t a l . In th i s 

example, the new c rys t a l s have a l l been assigned the same or ien ta t ion to 

simulate a twinned r e l a t ionsh ip with the subs t ra te or host c r y s t a l . Comparing 

the sketch (Fig. 4) with a typica l microstructurc in which per iodic nucleat ion 

af twins i s believed to have occurred (Fig. 5 ) , i t i s apparent that s imi la r 

grain boundary shapes were developed in both cases . The fact that p a r a l l e l 

boundaries are formed on several c ry s t a l s which have a l l nucleated at d i f fe ren t 

times on the surface of the same c rys ta l suggests that the new c rys ta l s arc 

c rys t a l log raph ica l ly re la ted to the host —probably in a twinned r e l a t i onsh ip . 

Grains with t h i s twinned Lpp«nrance have frequently been observed Ln al loy 

depos i t s . The nuclcat ion ra te of twins increases and the grain si=e decreases 

with increasing rhenium concentra t ion. 

Second-stage growth appears to involve a mechanism which s t a b i l i s e d the 

growth of neighboring crystnLs so t h e i r common boundary rctsains nearly 

ve r t i ca l and ne i ther c rys ta l can gK.:: l a t e r a l l y at the expense of the o the r . 

I t has been suggested that s ince the c r y s t a l s probably grow by the t e r r ace -

ledgc-kink (TLK) mechanism, tho nuclcation of new t e r r i e s most probably 

occurs at the ene rge t i ca l ly favorable grain boundaries. This growth process 

has been likened to that induced by screw d is loca t ions in te r sec t ing closo-
"•0 packed crys ta l lographic p lanes . " In a grain boundary, now t e r r aces would 

have tho same probab i l i ty of nucleat ing on each of the two in te r sec t ing face t s , 

and s t r a i g h t , v e r t i c a l boundaries would be expected to form. 
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Tbini-stagn crouch is characterised) by the appearance of voids in the 

boundaries. The voids arc forewd when crystal facets or crystals without a 

cocoon boundary ispinge at an angle which cuts of f the supply of gas to the 

growing boundary region. This wi l l happen in corours, at the edge of raised 

areas, or wherever the surface is suff ic ient ly irregular so that the t ips 

of growing crystals can briUgs over lower-lying regions. It can also happen 

on a ..*-..i. _ . " ** the growth mechanise involves nucleation and growth of 

terraces ffraa sources other than the grain boundary; i . e . , i f the plating 

conditions are such that honogeneous nuclcatioii occurs on the facets , then 

terraces Cor terraces bunched into microscopically v i s i b l e steps) say grow 

toward the grain boundaries rather than away from tlu-a. The development of 

void', due to the mismatch between abutting steps which have grown downward 

into the boundary region is i l lustrated very schematically in Fig. 6. A 

void-free boundary growing by the nucieatioti of terraces in the boundary i s 

sketched in Pig. 7. 

Scanning electron micrographs showing growth of steps outward fron 

void-free boundaries [second-stage growth) and inward toward the boundary of 

porous deposits (third-stage growth) »re shown in Figs. 8 and 9. Figure ID 

shows development of ful ly dense layers grown under several surface-controlled 

conditions,alternating with several porous layers grown under gas-phase 

diffusion-controlled conditions {tempera ttires above the upper rate b;*eal;}. 

These figures onphasUo the fact that the nicrostrur.tura and the structure-

sens i t ive properties of CVt» deposits ore determined by processes occurring 

at the growing surface. As discussed below, chey also help to v i sua l i i c and 

c lari fy the experimentally observed correlations Uetween rate controll ing 

processes and aicrostructuro. 
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UnJer surface controlled conditions, the supply of renctonts from 

the gas phase is always adequate regardless of the deposition rate.* 

Tliis implies that at the gas-solid interface the concentration of unreacted 

?eactt..tts in the gas phase corresponds to saturation over the entire 

surface of a growing facet. Therefore, The local reaction rate at any point 

on the surface is not influenced by boundary-layer thickness or local 

fluctuations in gas composition duo to surface irregularities. It is 

equivalent to the infinite surface diffusion case for PVD deposits where 

the atoKS, after having been accepted, arc fully redistributed, and only the 

theraodynamicnlly most favorable crystal faces will develop. These conditions 

favor nueleation of terraces at the grain-boundary edges of the facets and, 

as discussed earlier, rosult in the second-stage growth of vertical, void-free 

boundaries. 

Under gas-phnse-diffusion-controlled conditions, the reaction rate is 

a function of the total pressure, tho partial pressure of tho reactants, and 

tho gas velocity [seo Eq. (2)J. At local points on the surface of a growing 

crystal the rate will vary with the -.-,,?« ot which the critical react ant 

reaches those points. ThereCove, the local deposition rate will be greater 

near tho exposed tips of the crystals than in th? lower-lying boundary regions 

where (1) the boundary layer is tliicktr and (23 tho partial pressure of 

reactants has been reduced by reactions on the surface at higher elevations. 

This local depletion of the crit ical reactant and reduction in 

deposition rate in the grain boundary region results in the nucleation of 

terraces at higher elevations on the growing pyramids (Pig. 9) and the 

development of porous boundaries (third-stage growth). In extreme cases. 
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repeated nucleattan and growth of new, randomly oriented crystals wi l l occur* 

and a pronounced nodular structure wi l l develop (Fig- 11). 

It should be emphasized that third-stage growth results from surface 

i n s t a b i l i t i e s and therefore does not develop immediately. Under gas-

phase-diffusion-controllad conditions* second-stage growth of CVD tungsten 

wi l l generally pers is t on smooth substrates for many micrometers (several mils) 

beff*--» third stage growth sets in . This period of grace i s exploited in 

th in - f i l a semiconductor work, where smooth unfacetted repl ication of the 

surfaces and insens i t i v i ty of deposition rate to temperature are two 

practical advantages of operating wider diffusion-controlled conditions. 

'Midge growth" and "defect growth" problems are disadvantages of operating 

in this regime, however, and i t has recently been found that operating in 

the re lat ive ly narrow transit ion region between the two regimes (the upper 

rate break region discussed earl ier) wi l l minimize these disadvantages without 

affecting the advantages. 

Many of the stnjctural features or ef fects which are encountered in 

chemical vapor deposition can be understood in terms of the above growth 

processes. A few remarks in several of these areas are given below: 

(I) Nodules — There are several sources and types depending on the system, 

geometry, and plating conditions, but generally they are believed to be 

nucleated by part ic les or other foreign matter se t t l ing on the surface. The 

unstable growth conditions which result f-nm gas-phase diffusion control can 

also lead to the generation of nodules since high points due to surface 

irregulari t ies wi l l grow at an accelerated rate (the boundary layer i s 

thinner and the concentration of reactants i s higher at higher e levat ions) . 

This accelerated growth will occur rapidly i f stray part ic les act as the 

i n i t i a l high points. If the rate i s surface controlled, small nodules do not 
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change their profile significantly or generate porcsity. In either case, 

if the nodule height or angle of intersection with the surface reaches 

the point where "bridging over" occurs at the intersection, then a conical, 

porous zone will grow with the nodule. 

^ Brushing — This processing technique generates randomly oriented 

nuclei on the growing surface and, in effect, perpetuates first-stage growth 

throughout the deposit. If the contact pressure is excessive, deformation 

end "rubbed in" porosity will develop as surface material or particles pile up 

and "bridge over" to form voids. Brushing will often remove small particles 

or insipient nodules from the surface before they have gorwn to damaging size. 

C3J Federite — Nucleation and growth of finely disponed federite grains 

in co-deposited tungsten-rhenit-B tubing probably occurs as a .'esult uf the 

decrease in ReF, partial pressure with distance as the feed gas flows across 

the rotating mandrel. Every point on the surface is cyclically exposed to 

alternating high and law ReF, partial pressures. Since rhenium deposition 

is diffusion controlled, the rhenium rate at a given point on the surface 

will fluctuate with the ReFft partial pressure while the surface-controlled 

tungsten rate will remain relatively uniform. Under proper conditions, 

the resultant cyclic composition fluctuation will generate alternate 

federite nucleation and solid solution nucleation or overgrowth. As 

mentioned jarl ier , subsequent heat treatment will transform the two-phase 

deposit into a fine-grained, single-phase structure with good mechanical 

properties, 

C) Cyclic Effrns - In addition to the above cyclic changes in 

rhenium concentration, there are smaller and lower frequency variations in 

composition which occur in synchrcnism with the periodic metering of prenuxsd 

liquid fluorides into the flash evaporator. These composition variations 
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are immeasurably small, but they do produce visible changes in the 

microstruuture, and they are useful in visualizing surface contourf at equal 

time intervals (Fig. 5). 

Little work has been reported on periodic changes in plating conditions 

as a technique for deliberately modifying the microstructure. Cyclic 

surface contamination and cyclic additions of a few percent carbon monoxide 

or other hydrocarbons to form thin layers of tungsten carbide have been 

investigated as techniques for breaking up the columnar raicrostructure and 
23 

improving the tensile properties. Alternate layers of a second-phase and 

periodic contamination of the surface did promote reinitiation of f i rs t -

stage growth, but the mechanical properties were not improved. A similar 

technique involving periodic "passivation" of the surface has been patented 

as a method for improving the tensile strength. 

(5) Preferred Orientation — The development of a two-dimensional 

preferred orientation or fiber texture during the transition from first- to 

second-stage growth was treated earlier as the normal behavior to be 

expected of polycrystalline deposits in which a particular crystal h^bit is 

adopted. This aradel explains th-a transition from a random orientation to a 

preferred orientation and predicts the orientation if the habit is known. It 

says nothing about the origin of the crystal habit, however, and siraply points 

out that the preferred habit is the source of the preferred orientation. 

The crystal habit developed by chloride tungsten when i t is grown with 

a (110) preferred orientation has not been identified. This orientation is 

of particular interes* for thermionic emmitters because of i ts high vacuum 

ur-rk function. It has neyer been observed in pure fluoride tungsten, but it 

is developed in chloride tungsten under a restricted Tange of plating 
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conditions. '" '*" Apparently the presence of CI or H O modifies the 

relative growth rates of the facets so that a crystal habit is developed 

in which the direction from the center towards the remotest point on the surface 

(the direction of fastest growth) is also the direction normal to the (110) 

plane. This suggestion is supported by a report that the preferred orientation 

of fluoride tungsten can be changed from [100J to [lit)) by the addition of 

CI to the feed gas. Xn addition, work at this laboratory has shown the HCi 

additions poison the surface and drastically reduce the deposition rate of 

[100] oriented fluoride tungsten. Hetallographic evidence that development 

of the normal octahedral facets was suppressed by the H O additions was also 

obtained. 

SUMMARY 

A continuing program on the development of CVD processes for fabr ica t ing 

Tungsten and tungsten-rhenium a l loys has been reviewed with emphasis on the 

r e l a t ionsh ips between k i n e t i c s , morphology, micros t ructure , and p r o p e r t i e s . 

I t has been shown tha t dense tungsten deposi ts with good proper t ies are 

obtained when the r a t e - con t ro l l i ng process occurs on the surface. P la t ing 

conditions in which the tungsten r a t e i s l imited by gas-phase diffusion were 

shown to resu l t in porous deposi ts with poor p rope r t i e s . I t was also shown 

tha t tungsten-25% rhenium a l loys can be produced by p l a t ing two-phase deposi ts 

which are then transformed by heat treatment to form equiaxed, f ine-grained, 

single-phase s t ruc tu res with t e n s i l e proper t ies eqwil to those of ..rought 

m a t e r i a l . 

Density of po lycrys to i l ine depos i t s , o r ig in of columnar g r a i n s , 

preferred o r i en t a t i on , nodules, f e d e r i t e , cycl ic e f f e c t s , brushing, and 

other r e l a t ed subjects were discussed in terms of growth mechanisms. I t 
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was shown that many of the structural features peculiar to CVD deposits can 

be correlated with plating conditions and understood in terras of kinetics 

and morphology. 
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FIGURE CAPTIONS 

Figure 1. Effect of p l a t i n g va r i ab l e s on tungsten deposi t ion r a t e . 

Figure 2 . Effect of tejsperature on deposi t ion r a t e and a l loy composition, 

(Conditions: 1.33 x i o 3 Pa, 2.5 * 10~ 5 m 3 /sec H,, 8.33 x i ( f 6 

m / s e c WFfi or MF&.) 

Figure 3 . Growth of two-dimensional c r y s t a l s from randomly or iented n u c l e i . 

•Chevron" shaped l i n e s show the surface contour a t equal time 

i n t e r v a l s . 

Figure 4. Nucleation and growth of t h r e e twins from one growing c rys t a l face . 

{Co&pare with t y p i c a l l a i c ros t ruc tu r s . Fig. 5.) 

Figure S. CVD tungsten-6.S% rhenium a l l o y depos i t . (Compare with Fig. 4 . ) 

(Conditions: 600°C, 5.33 x 10 3 p a , 4.67 x 10" S m 3 /sec H 2 , 2.33 x i o " 6 

m 3 / sec MFfi, 10* ReFfi in MF f i.) 

Figure 6. Porous grain boundary r e s u l t i n g from growth of s teps toward 

the boundary. 

Figure 7. Dense gra in boundary r e s u l t i n g from nucleacion of t e r r aces at 

grain boundary and growth away from the boundary. 

Figure 3 . Octahedral face t s showing fu l ly dense grain boundaries. (Conditions: 

M " S m 3 / sec H 2 , 2.34 * 10" 6 m 3 / sec WF6-

Rate: 0.13 urn/sec.) 

Figure 9. Octahedral facets showing growth of steps toward boundary and 
resultant porosity. (Conditions: 700°C, S.l x io pa, 1.67 x 1 0 - S 

m 3/sec H 2 , 2.34 - ' n " 6 ™3'• 



Figure 1C. Alloy layers showing grain boundary porosi ty at temperatures above 

the upper Tate break (-700°C) where the process i s gas-phase-

diffusion cont ro l led . (Conditions: 1.33 x ID Pa, 4.67 x 10" m /sec 

H 2 , 2.33 x 10" 6 m 3 /sec MF6» 10% ReF f i in MF6-) 

Figure 11 . Nodular deposit formed under gas-phase-diffusion control led 

condi t ions . (Conditions: 600°C, 5.1 x i o 4 Pa, 1.67 x i o " 5 m 3 /sec H 2 , 
-7 3 3.33 x io m / s e c WF6. Rate: 0.1 urn/sec.) 
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