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MO CVD of Noble Metals 

I.K. Igumenov 

Institute of Inorganic Chemistry, Lavrentieva 3, 630090 Novosibirsk, Russia 

Abstract. The state of the art in research and application of processes of chemical vapour deposition of 
noble metal (Pt, Pd, Rh, Ir, Ru, Au) coatings is considered. Systematization of known experimental data on 
synthesis, thermal properties and saturated vapour pressure of volatile compounds of noble metals with 
organic ligands is provided. The processes of CVD of noble metals were analized from gcneral requiren~cnts 
to precursors. It is shown that chelate or mixed-ligand noble metal complexes and, in particular (3-diketonatc 
derivatives due to their thermal properties are thc most suitable ior deposition of noble metal thick films. 

1. INTRODUCTION 

Due to the unique set of  physical and chemical properties of noble metals new areas of their applications have 
recently appeared. Besides, high cost and shortage of the resources of noble metals make the substitution of bulk 
metal item for the coated one economically warranted. The examples are. the elaboration of heat-resistant 
coatings for the protection of instrumentation in the processes of glass founding [I], the protection of trust 
chamber of rocket engines [2 ] ,  etc. 

Particularly these and other problems can be solved using the processes of MO CVD of noble metals. In our 
opinion, the main difficulties preventing the comnlercial application of noble metal MO CVD processes are the 
low rates of  coating growth and the lack of suitable precursors. The latter is mainly connected with the 
insufficient information on the thermal behavior of precursors. The data on the investigation of coating growth 
processes and the properties of noble rlietal coatings are also not enough. The review [3] and monographs [4-61 
do not make up this lack. In present article the current state of above problems is considered 

2. PRECURSORS FOR MO CVD OF NOBLE METALS 

2.1 Volatile conlpori~~ds of 11oble metals 

The term "\/olatile compound" is used for characterization of the compounds of metals with organic ligands 
which can be evaporated at atmospheric or reduced pressure at the temperatures lower then 400 C The range 
of temperatures 400-5000C is also the upper limit of themial stability of metal complexes with organic ligands in 
condensed phase (with the several exceptions). Volatile compounds of noble metals with organic ligands of 
different types used for the preparation of MO CVD filrns and the cornpounds for which direct or indirect 
irlfi)r-mation on \ .olat~l i t~ is Lnolvn at-L. presented in Table I 
The main types of'nohle metal ct,mpounds (shoxvn in -fable 1 ) \vith considerable sati~rareti \-apour prtssi11-c 
\ alues at rncdium temper-atul-es can be con\.entio~lall\. tii\.ided in th~.ce groups contalnillg metal-carhon bond 
chelate coml~lezes and ~nr~eti-ligand coriipo~tntis 
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Table 1: Volatile conlpounds of noble metals 

Abbreviations: X -  halide; Me-methyl; aa - acetylacetonato; tfa - trifluoroacetylacetonato, llfa - 
heuafluoroacetylacetonato; dpm - dipivaloylmethanato; L~ - fluorinated p-diketonato; L" - 
iminoketinlinato, L~ 'S  -  non no-tllio-fluorintited 13-diketonato; ktf - trifluo~.oketinlinato, Xarl - 

santogenato, ~ a n f  - fluorocontaining santogenato. Cp-cyclopentadienyl, ~ ' 01 ) - cyc looc t ad i eny l .  
R,dtc-dithincarbamato. 

Pt 

Pt(C0)2C12 
Pt(CO)z(aa) 

(CH3)3P~(Cp), 

(CH3)3Pt*(MeCp) 

(C3Hs)zPt 
[C3Hs)~pt (aa) l~  
(MeC3HdPt(aa) 
( C ~ H ) ~ P ~ ( C P )  

Rh 

carbonyls 
[Rh(C0)31n 
Rh(C0)12  

carbonyls 
[ R ~ I ( C O ) ~ C ~ ] ~  
[Rh(C0)2F312 
Rh(CO)z(aa) 
Rh(CO)2~n(s)  

compounds 
(COD)Rh(hfa) 
(dicn) Rh(aa) 
(dien)Rh(Cp) 

complexes 
( C R H S ) ~ R ~  
( C ~ H ~ ) Z R ~ ( C P )  
(C3Hs)~Rh(aa) 

complexes 
(CzH~)zRh(aa) 
(C2H4)2Rh(Cp) 

compounds 
Rh(PF3)4 

compounds 
(Cp)Rh(PMe)3' 
(C2H4) 

complexes 

Pd 

(COD)Pd(Cp) 
(CIOHIZ)P~* 
(OCH3)3(Cp)z 

( c3H~)Pd  
(MeC3Hq)zPd 
I(C3H5)PdXl2 
(C3Hs)zPd(aa) 
(CsHs)Pd(Cp) 

Ru 

R ~ l ( c o ) ~  

R U ( C O ) ~ C I ~  
Ru(C0)31 
Ru(CO)2Br 

Ru(Cp)2 
(COD)RU(CO)~ 
(dien),R~(CO)~ 
(Cp)Ru(C0)2H 
l(Ru(CO)z(Cp)Iz 

( C ~ H S ~ ~ R U C O ) ~  

IR~(C0)~SiMel l l  

Ir 

Homoligand 
lr4(c0) 12 

Heteroligand 
I r (C0hX 
Ir(C0)2C12 
Ir(CO)z(aa) 
Ir(CO)zLn 
Ir(CO)z(Cp) 

Cyclo(penta)dienyl 
(COD)lr(aa) 
(C!J)[r(Cp) 

Ally1 
(C3Hs)alrl 

Olefin 

[(CH3)3Pt(aa)lz 
( C H ~ ) ~ P ~ L ~ * H ~ O  
(PY) 
Pt(aa):! 
Pt(11fa)~ 
ptLf2 
pl(ktf)z 
Pt(s?PF2), 
P ~ L G ,  

Au 

Au(C0)CI 

R3PAuCI 
R3AsAuCI 
(CH3).,Au*PMe3 
CH3AuPEt3 

CFaAuCH3NC 
CRHZ~AUZPZ 

(C2H4)2lr(aa) 
(CzH4)2lr(Cp) 

Phosphine 
Ir(PFd4 

Other 

(CzH4)zPt 
(CzH4)Pt(COD) 

(C2H4)2Pd 

(CH3)zAu(aa) 
(CH3)2Au(dplll) 
(CH3)2AuLn 
( C H ~ ) ~ A U L ~ ~  
(CH~)ZAU* 
(Rzdlc) 

Pd(aa12 
Pd(hfa), 

Pd(ktf)z 
Pd(Xan)2 
pd(xanfl2 
Pd(S PFz)z 
pdLzZ 

Rh(aa13 
R ~ L ~ ,  
R ~ L ~ S ,  
Kh(SzPF2)3 
Rh(R2dtc)3 

PI(PF3)4 

cis-(CH3)?Pt* 
(CH3NC)2 
Pt(aa)zla 

Ir(aa)l 
l r ~ ~ ~  
I r ( K i d t ~ ) ~  

Ru(aa)3 
RULS 

(Cp)Ir(PMe3)* 
(C2H4) 
din~eto~viridium 

Chelate 



Necessary but insufficient condition of sublimation of the compound at low temperatures is that it has to 
possess a molecular structure Actually, complexes with molecular structure can be polymers (oligomers), can 
include not only organic ligands, but others, for example, acidoligands. The formation of these complexes is 
characteristic feature of noble metals. It is connected with their behavior in the reaction mixture as well as w ~ t h  
the specific properties of ligands. The oligomers are less volatile and thermally stable. 

2.2 General requirements for precursors 

At present the choice of precursors for CVD is camed out according to the following parameters: 
1) volatility of the compound (dependence of vapour pressure on temperature); 
2) thermal stability in condensed phase; 
3) thermal stability in gas phase; 
4) possibility to  control the decomposition temperature and film growth rate by addition of gas-reagent; 
5) constancy of  properties in time and tolerance to external influences (moisture, air oxygen); 
6) untoxicity; 
7) inertness of the construction materials to  the decomposition products and precursors; 
8) possibility of synthesis of the precursors with high yield. 

These properties can be divided in two groups including hndarnental properties and a set of technological 
parameters necessary for the successfbl application of the precursors in MO CVD processes. The most 
important requirements in the choice of precursor are the requirements determining thermal properties. 

3. THERMAL PROPERTIES OF PRECURSORS 

3.1 Vapour pressure 

The dependence of saturated vapour pressure on temperature is the quantitative characteristic of the compounds 
volatility. Sublimation and evaporation of metal complexes are classified as phase transitions of  the first type and 
are described by Clauzius-Clapeiron equation: 

dpldT = AHTTAv 
where b H is an enthalpy of the phase transition under the equilibrium; A v  is a difference between molar volumes 
of phases; T is a temperature, p is pressure. 

Proceeding %om the above assumptions we obtain: 
In p = -AH/RT + AS/R 

where LS is a change of the entropy upon the formation of I mole of gas during phase transition. 
The agreed-upon equation for the temperature dependence of saturated vapour pressure is 

In p = B - M, B = AS/R, A = AH/R 
The most part of the results on measurements of saturated vapour pressure for volatile compounds of platinum 
metals have been obtained by direrent variants of static method [7,8], flow method [9] and Knudsen's method 
[lo] as well. 

As a rule only the parameters of the processes of compound isolation from reaction mixture and its 
purification by sublimation (distillation) are known for noble metal complexes The systematic investigation of 
volatility of  noble metal complexes was carried out only for p-diketonates of Pt 191, Pd 17, 1 I], Ir [12], Rh [7, 
121, Ru 1131, Au [14]. The pronounced dependence of \lapour pressure on ligand substituent type is observed 
ibr platinum metal 13-diketonates as well as for other nietals. For example, in acetylacetone ligand the 
substitution of methyl radicals fo1- tile trifluorometl~~l ones results in 3-4 order increase of vapour pressure [7,8]. 
The analogous effect was obtained upon the variation of olefin ligands (L) in the conlplexes of M(C0)2L type, 
\viler-c hl - [<\I,  Ir. [ 101 -l'Ile nallll-e ofi~lter-mc~lc.cl~[nr. interactions and col.selation bet\\-eei? \.olatilit~.. n?olccular 
alld C I ~ . S I ; I ~  S I I - L J C I I I ~ C S  of ' thes~ C C ~ I ~ I I ~ I ~ X C S  a]-e repcr~ted 111 1 1'- 171 

.I'yl)lc;ll tell1llcl.at~ll-e rlcpcndellclch L,t'\ al)c>ur l x . c ~ ~ u ; c  Ibl- thr-ec dilkrcr~t claisrs i>i'[)l:~t~nci~ll conll)o~lrlci\ \\It11 

w y ~ i i c  ligilllcis ((~H3);1)t(('lJ) ( ~ ~ ~ l h  ~ , C I ; ~ ~ - C ; I I ~ ~ I O I ~  ~ ~ ~ ~ I I c I s ) .  ((-1 I ~ ) ~ P t ( l ~ i ~ ~ ) ~ ~ ~ ~ ( ~  :111(i ( ( ' I < ;  );l't( 21>1).1)? ( I I I I X C ~  
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complexes); Pt(aa)2, Pt(ktq2 and Pt(hfa)2 (chelate complexes) are given in Fig. 1. At the temperature of 1 0 0 0 ~  
the given compounds possess the following values of vapour pressure: 
(CH3)3Pt(Cp) - 3.72 Torr (extrapolation), (CH3)3Pt(hfa)*H2O - 4.00 Torr (extrapolation), 
(CH-,);Pt(aa)*Py - 0.066 Torr (extrapolation), Pt(ktQ2 - 0.01 1 Torr (extrapolation), 
Pt(hfa), - 1.39 Torr. 

Thus, at lOOOC the mixed complex (CH3)3Pt(hfa)*H20 has the highest value of vapour pressure among the 
above volatile platinum complexes. At the same time, the value of Pt(hfa)2 (chelate complex) vapour pressure is 
20 times higher than that of (CH3)Pt(aa)*Py (mixed complex). Upon the increase of temperature the 
consequence of the volatility of the complexes changes. It is only possible to suggest with high degree of 
probability that metalorganic compounds of platinum metals possess higher vapour pressure values than that of 
mixed complexes which, in turn, are more volatile than chelate derivatives. The conclusion demands the special 
analysis in each case because, for example for metal 8-diketonates, the pressure can change 4 orders [ I  81. 

Figure 1: Vapour pressure of some platinum complexes. 
Pt(ktf):! ( I ) ,  (CH3)3Pt(hfa).H20 (2). (CH3)3Pt(aa).Py (3). cis-Pt(tfa12 (41, Pt(hfa12 (51, CpPtMej (61, Pt(aa)2 (7) 

3.2 Thermal stability in condensed state 

There is no information on investigation of thermal behavior of volatile metalorganic compounds of noble metals 
in condensed state. For platinum metal mixed-ligand compounds and chelates the data on thermal properties of 
complexes are known only for (%-diketonate derivatives. The analysis data allow to make the following 
conclusions concerning the change of thermal stability in condensed state for a set of platinum metal I $ -  
diketonates [ I  1, 19-21]. 

1. For all ligands under investigation iridium(II1) 15-diketonates are found to be most thermally stable. The 
complexes can be arranged in the following row of thermal stability depending on the nature of central atom 

Ir(II1) > Rh(II1) > Ru(II1) > Pt(I1) > Pd(I1) > Au(II1). 
2. The data on dependence of thermal stability on end substituent in the ligand is less ambiguous. The 

complexes with dipivaloylmethane are the most stable. As a rule, the onset decomposition temperature for the 
fl~lorinated li-diketonates was found to be lower than that for other complexes in cases when it was possible to 

(letel-mine mentioned te~npesat~~re Accor-dl112 to the data obtained one can arrange the following row of~tllie~~rnal 
stab~lity of platinum metal 13-diketonates depend~~ig on the ligand nature 

dpm - ,  aa - th . hfB 



Thermal behavior of platinum metal p-diketonates in the active and inert atmosphere is quite different (Table 
2) When the reducing medium is used the additional problems connected with the hgh  sensitivity of platinum 
and especially palladium compounds to hydrogen arise. 

The systematic investigations of thermal behavior of the mixed compounds were carried out only for 
complexes of trimethylplatinum [22] and dimethylgold with p-diketonate [23] and some thio- and imino- 
analogues 1241. 

The type of substituent in ligand and nature of donor molecule in complexes of trimethylplatinum with jj- 

diketonate determine almost all peculiarities of thermal behaviour of this class of compounds. Substitution of 
water for pyridine results in the essential increase of thermal stability of the complexes slightly decreasing their 
volatility in the case of fluorinated ligands. Pyridine adducts of trimethylplatinum B-diketonates have higher 
decomposition temperatures in hydrogen atmosphere too. However, in general, the homoligand platinum (11) p- 
diketonates are essentially more stable than the mixed-ligand platinum (IV) complexes. 

Complexes of  gold are less stable to heating Slight increase of thermal stability of mixed gold complexes can 
be achieved by substitution of ~j-diketonate ligand for enaminoketone [24]. The reducing atmosphere does not 
influence on the decomposition temperature of gold complexes under investigation. 

3.3 Thermal stability in  gas phase 

The thermal decomposition of volatile complex vapour on heated surface (gas phase thermat stability) was 
carried out for separated 8-diketonate complexes of Pt and Pd [14], Rh and Ir [20] , Au [25] and Ru [26] 

The thermal properties of  precursor vapor were investigated by flow method. The construction of a thermal 
reactor combined with mass spectrometer is described in details in 114, 271. Its construction is similar to a two- 
temperature variant of  double chamber Knudsen cell. Some results for a number of noble metal complexes are 
given in Table 2. The study of processes of thermal decomposition of gaseous palladium 13-diketonates has 
shown that onset thermal decomposition temperatures increase regularly upon the consequent substitution of 
methyl radical for trifluoromethyl ones in ligand. The row of thermal stability in the gas phase is reverse to the 
row of thermal stability in the solid state. 

Table 2: Onset decomposition temperatures (Tdd of mixed and chelate complexes of noble metals in gas and condensed phase 

Compound 

Rh(aa)? 

Ir(aa)? 

Ir(hfa)? 

Pd(aa)? 

Pd(hfa):, 

Pt(hfa), 

(CH,)7Pt(tfa)*H70 

(CH,),Pt(tfa)*Py 

(CH&Au(aa) 

(CH;),Au(tfa) 

(CH7)2A~(dpm)  

Onset decomposition temperature , Tdec- I0 O C  

Mass-spectrometry DT A 
vacuum D? O7 He H? O2 

395 405 200 

405 410 225 

465 445 3 00 

305 150 -- 

3 80 >20 -- 

345 175 -- 

-- -- -- 

-- -- -- 

92 5 6 -- 

70 4 5 -- 

125 -- -- 

3 03 3 00 244 

350 310 252 

-- -- -- 

210 20 -- 

172 2 0 -- 

180 5 0 -- 

114 54 -- 

-- 155 -- 

145 125 - - 

140 125 - - 

200 160 -- 
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The data obtained for other noble metal conlplexes evidence in the fact that isolated molecules decompose at 
sufficiently higher temperatures than that for complexes in condensed state. The values of  onset decomposition 
temperature of compound vapour can be used for the optimization of the parameters of noble metal films 
deposition. 

4. MO CVD PROCESSES FOR NOBLE METALS AND PROPERTIES OF COATINGS 

The precursors should be evaluated according to their tolerance to  external influences and time during which the 
compound can hold its physical chemical properties Sensitivity to  moisture, oxygen, etc. is individual 
characteristic of the compounds and depends on the metal nature. However, in general, chelate complexes are 
more tolerant to  external influences. These complexes hold their parameters upon storage for a long time. 

4.1 Carbonyl derivatives 

A limited number of examples o f  use of homoligand platinum metal carbonyls as precursors are known [3]. That 
is connected with low thermal stability of the compounds and their high sensibility t o  external influences. 
Carbonylhalogenides of  these metals are more stable than carbonyls, exept palladium compounds. They are used 
for preparation of metal coatings in CVD processes. The isolation of  metals from carbonylhalogenides proceeds 
at relatively high temperature 500-600°C. At such temperature severe corrosion of apparatus by decomposition 
products are observed. The films contain high quantity of carbon. The use of reducing medium allows to 
diminish the film deposition tempcrature and to dccrease the carbon content [28] .  

4.2 Cyclopentadienyl derivatives 

From the compounds of t h s  class Ru(Cph is common use for deposition of  ruthenium films [3]. The volatile 
heteroligand platinum and palladium compounds containing both dien ligand and ally1 or methyl are used for 
preparation of  metal films [3]. The deposition temperatures of  Pt and Pd films are moderate and range From 250 
to 300°C in vacuum. The use of hydrogen as gas-reagent allows to decrease the decomposition temperature of 
platinum films to 120-1800C, and to diminish the carbon content to 1 at. % [29]. Other impurities were not 
detected in platinum films. The film specific resistivity was found to be around 26 R.crn. 

4.3 Ally1 compounds 

The application of homoligand ally1 complexes for the deposition of Pt [30], Pd [20], Ir [3 11 and Rh [3 I ]  films is 
known. The deposition temperature of  Rh and Ir films at atmospheric pressure in the presence of hydrogen is 
1200C. Platinum and palladium are deposited at 250°C in vacuum. 

4.4 Olefin complexes 

Tris(ethy1ene)palladium [32] as well as tris(ethylene)platinum is a highly volatile compound. They are stable only 
in ethylene and give a pure palladium metal film in the absence of  ethylene. 

4.5 Phosphine compounds 

The niethod of platinum deposition using tetr.akis(tritluorophosphine)platinuin Pt(PF3)4 was prol>osed [ 3 3 .  341 
.At [he therrnolysis of PtlPF;), the unifoi-m smooth continuous adherent thin films of'mirl-or-bnght platinum on fi 

Lariety of bubstrates are formed under- optimum deposition conditions The preferred ambient is Ilydi-ogen The 



 referred temperature range is 200-300°C. A deposition rate of 50-100 A/min is the most convenient Platinum 
contains some amount o f  residual ph~sphoms that was found to be non-uniformly distributed. Adherence to 
insulators was comparable to that of active metals such as aluminium or titanium. 

Hydrolysis of the compound by air moisture resulting in platinum, H3PO1, HF and some amount of 
phosphorus-containing impurities as well as a low deposition rate can limit the use of trifluorophosphine 
platinum complex for CVD of thick platinum layers at atmospheric pressure. The use of Pt(PF3)? as precursor 
for thermal decomposition under effisive flow conditions results in films with high purity and'uniformity The 
volatile gold phosphne compounds are used for the deposition of gold films [ 3 5 ] .  

4.6 Mixed-ligand a n d  o ther  compounds 

Mixed-ligand complexes containing \{-diketone ligands are used for deposition of films of all noble metals. The 
introduction of p-diketone ligand, as a rule, substantially increases the tolerance to external influence and 
thennal stability of complex in condensed state. The nature of metal in precursor does not influence in carbon 
content in films deposited without reaction agents. 

4.7 Chelate complexes 

Among the volatile chelate complexes of noble metals presented in Table 1 only metal p-diketonates were used 
for CVD processes. The films deposited in vacuum at high temperatures from acetylacetonate complexes 
contain carbon impurities. The use of various reaction agents allows to decrease carbon content [36] .  

Among the volatile noble metal compounds with organic ligands the chelate complexes have the highest 
thermal stability. It is characterized for 13-diketonate derivatives and their irnine analogues The chelate 
derivatives are considerably more stable to external influences because all coordination sites are occupied. These 
complexes are stable upon storage for a long time. For example, in our experiments some iridium compounds 
did not change their properties for 3-4 years without any special conditions. 

Total analysis of the data on vapour pressure and thermal properties has indicated that p-diketonates with 
tritluoromethyl groups in ligands appear to be the most suitable precursors due to their appropriate volatility and 
thermal stability in gas and condensed phases This conclusion is mainly related to platinum and palladium 
complexes. 

5. CONCLUSION 

At present the processes of chemical deposition from gas phase using the volatile complexes of noble metals 
with organic ligands are perspective for the elaboration of resource-saving technologies. The use of noble metals 
in CVD-processes allows to produce multilayer and multicomponent coatings with high adhesion for one 
technological cycle. 
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