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ABSTRACT

A review is presented of early and recent advances in the
nmet al - organic chemi cal vapor deposition (MOCVD) of thin films

fromorganotransition nmetal and related precursors. Routes to
pure netals and alloys, netal carbides, netal borides, netal
nitrides, net al silicides, and related materials wll be

summari zed. Also included is a discussion of both the advantages
and disadvantages of enploying netal-organic precursors that
contain transition el ements.

| NTRODUCTI ON

The synthesis of inorganic materials has often (and
traditionally) involved the use of high tenperatures. During the
past few decades, there has been increasing interest in synthetic
procedures that can generate wuseful inorganic solids under
relatively mld conditions; two specific exanples are the sol-gel
preparation of silicate glasses from the hydrolysis of silicon
al coxides, and the <chemical vapor deposition of GaAs from
trimethylgallium and arsine. In this paper, we wll review
recent devel opnents in the |low-tenperature chem cal vapor
deposition of thin filns that contain transition metals from
net al - organi ¢ precursors.

The deposition of films that contain transition nmetals is
usual Iy acconplished by reduction of a transition netal halide

precursor such as Tid, or Wg with hydrogen [1-7]. In the
absence of other conponents in the gas stream deposition of a
pure nmetal film usually results. However, by adding to the gas

stream a volatile heteroatom source such as nethane, boron
trichloride, or silane, the corresponding carbide, bori de,
silicide, etc, can be obtained. Generally, the deposition of
thin films from a transition netal halide precursor does not
occur unless the tenperature is relatively high (often above
about 800°C), largely because the netal -chlorine bonds are strong
and transition nmetal halides are quite thernmally robust species.
In some cases, the mninum deposition tenperature can be |owered
somewhat by enpl oyi ng plasma- or |aser-enhancenment techniques.

There are several reasons to develop netal -organic
precursors as alternatives for the deposition of thin films that
contain transition netals, despite the denpnstrated utility of
transition metal halides as CVD sources. First, the halides of
many of the transition elements, such as Pd and M, are not
particularly volatile and are thus unsuited as CVD precursors.
Second, in nmany CVD processes the presence of a halogen is
detrimental since it can promote corrosion of the film either
during deposition or, if halogen atons beconme incorporated into
the film after deposition by exposure of the finished product to
air and water. Third, there are good reasons to expect that
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suitably designed netal-organic precursors will allow thin filns

that contain transition netals to be deposited at |ower
tenperatures. Lowering the tenmperature at which solid materials
can be synthesized not only increases energy efficiency but also
makes it possible to use the material in applications where
hi gher tenperatures lead to undesirable consequences. Sonme of
the consequences of high tenperature synthetic nethods can be
very difficult to circunvent, such as interlayer atom c

di ffusi on, decohesion of overlayers due to mismatches in thernal
expansi on coefficients, or tenperature-induced changes in the
shape or the crystallinity of the substrate or nearby structures.
Potentially, all of these undesirable phenomena can be avoi ded by
enploying suitably tailored transition netal-organic precursors
that undergo deposition at |ower tenperatures.

The next few sections briefly review recent investigations
of transition netal-organic conmpounds as CVD precursors. Thi s
review is not intended to be conprehensive, but rather serves as
a guide to the literature.

ROUTES TO PURE METALS AND ALLOYS

Car bonyl s. The year 1990 marks the 100th anniversary of
the earliest use of an organotransition netal conpound as a CVD
precursor. In 1890, Ludwi g Mdond announced the discovery of the
first binary netal carbonyl, nickel tetracarbonyl, and showed
that this volatile conpound deposits nickel nmetal with rel ease of
the carbon nonoxide |igands at 230°C [8-10]. Mond started the
Mond Nickel Conpany at the turn of the century to manufacture
hi gh-purity nickel by MOXCVD from N (CO) 4 and this process is
still used today on a |arge scale (over 10,000 tons/year).

In the first half of this century, new binary netal
carbonyls of nost of the transition elenents were discovered, and
each in turn was explored as a potential CVD precursor. Although
Fe(CO - and OJZ(CO) gi ve reasonably pure iron [11-13] and cobalt
[ 14, 1%] nmetal ~at 200°C, other netal carbonyls such as chrom um
nol ybdenum or tungsten hexacarbonyl generally deposit filns that
contain mxtures of the pure netal, the nmetal oxide, the netal
car bi de, and graphitic carbon [16-27]. This is quite
under st andabl e, since carbon nonoxide readily cheni sorbs on nost
metal surfaces to give surface-bound oxygen and carbon atons,
whi ch under CVD conditions beconme incorporated into the grow ng
film In contrast, the successful deposition of N, Fe, and Co
from their corresponding carbonyls is possible since carbon
nonoxi de does not dissociate as readily on these netals [28, 29].

An interesting new approach is the use of netal carbonyl

[30] and mixed-nmetal carbonyl clusters [31, 32] as CVD precursors.
A carbon nonoxide stream that contains the cluster FeCo H(CO);L

deposits an iron/cobalt alloy of stoichiometry Fe,Co at 300-350 gi
Thi s change in t he Fe: Co ratio was attributed to
di sproportionation of the cluster upon heating to form Fe(CO g
and involatile Co4(CO 15, which does not transport to the hot
zone. The mixed metal dinmer CpFeCo(CO) g was also investigated
[31].

Met al | ocenes. Bi s(cycl opent adi enyl ) metal conpounds, the
net al | ocenes, have been explored as potential CVD precursors
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since the 1960's. A patent on the use of vanadocene, chronocene,
manganocene, ferrocene, cobal tocene, and nickel ocene reports that
pure netal films can be obtained by CVD at tenperatures of 500-
700°C [33] . Rut henium filns can also be grown from ruthenocene
at 595°C but only if hydrogen is present to ensure the renoval of
carbon [34]. Many of these netallocene precursors have been
subsequently reinvestigated [35]. The presence of carbon in the
films is often noted; additionally, the nmetallocenes are very
thermally robust precursors and thus the deposition tenperatures
are usual ly over 500°C.

O her cycl opentadi enyl conplexes such as the carbonyls
Ni 2(CO) CpFe,(CO 4, and CpMi(CO) 5 have been studi ed [ 36,
The%ack of carbon in the films obtained from Cp,F (OO)
was attributed to a disproportionation reaction V\%IC% the
cycl opentadienyl rings are carried away from the dep05| tion zone
as the stable nolecule ferrocene [37].

Arene Conpl exes. Bis(benzene)chrom um and its substituted
anal ogues have been studied as sources of chrom um netal [36, 38-
43] . Depositions conducted at 500°C gave chromum filnms wth
carbon levels as low as 0.3% The arene conplex (cyclohepta-
triene)tricarbonyl chromium has also been investigated as a CVD
precursor [44].

Allyl and Al kyl Conpl exes. The nmetals Pd, Pt, Rh, and Ir
formvolatile allyl conplexes, where the allyl ligand (also known
as a propenyl group) has the stoichi ometry C H These allyl
conpl exes have been shown to deposit pure net ﬁ films at |ow
tenperatures [45-48]. The presence of hydrogen during deposition
helps to renove excess carbon from the filns. M xed |igand
conpl exes, such as (cycl opentadienyl) (allyl)palladium and (cyclo-
pent adi enyl Ytrinethylplatinum also serve as CVD sources of Pd
and pt [48-52]. CGold has been successfully deposited from the
gol d al kyl AuMe,(acac) under plasma CVD conditions [53].

O her Precursors for Pure Metals. Al coxi des [54] and
acetyl acetonates [55-61] of sone of the transition netals have
been investigated as potential CVD precursors to pure netal
filnms. For  exanple, the conplexes Cu(acac) [62-67] and
Ru(acac) 3 [30] are reduced by hydrogen under CVD conditions to
give nmetal filns, but the ruthenium deposit was shown to contain
appreci able amounts of Ru0». The rhodium acac conplex
Rh(CO) >(acac) has been shown to give rhodium metal under plasma
CVvD condl tions [68]. Bi nary conpl exes cont aining the tri fluoro-
phosphine ligand such as Pt(PF (PF )8' Rh, ( PF )
have been reported to deposit net aI fllms at tenperatures between
200 and 300°C [61, 69-72]. The phosphine complex (cycl openta-
dienyl) (triethyl phosphine) copper deposits copper netal at 200-
300°C upon irradiation with a laser [73].

METAL BORI DES

Tet rahydroborates. The tetrahydroborate group, BH4', forns
vol atile conplexes with the group 4 elenents titanium zlrconium
and hafnium and with the |anthanide and actinide el enents. Most
of the binary tetrahydroborates were prepared in the 1940's and
1950’s, and several early patents and articles describe the use
of these tetrahydroborate nolecules as thin film precursors,
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al t hough the deposits were either uncharacterized or only tested
for the presence of boron [36, 74-77]. More recently, the
identities of the thin filns that are obtained upon CVD from
Zr(BH,) , or Hf(BH4) have been shown to be zirconium or hafnium
di borl'de [78-83]. The films deposited at tenperatures between
200 and 400°C are anorphous, although they exhibit electrical

conductivities that are close to those of the polycrystalline
phase.

For the el enent titani um the only known binary
tetrahydroborate Ti(BHy)3 deconposes thermally at -50°C and is
unsuited for CVD applications. The stability of this nolecule
can be increased, however, by the addition of donor nvlecules.
The 1, 2-di met hoxyet hane adduct Ti (BH4) (dme) is stable at room
tenperature and sublinmes readily. Chenfcal vapor deposition from
this precursor gives thin filns of Ti 82 at tenperatures as |ow as
250°C [ 78].

QO her Precursors to Metal Borides. The iron carbonyl
cluster HFeg(BH,) (CO has been shown to give the spin glass
FeS@B20 upon CVD at 175°C [84-85]. The deposition of Ianthanide
borl des has been reported to occur upon passage of the boron
hydride BigH 4 over |anthanide netal powders. In this latter
study, it was proposed that decaborane reacts with the |anthanide
netals to form a volatile netallaborane intermediate that
subsequently acts in situ as a CVD precursor [86].

METAL CARBI DES

Alkyls. The titanium conplex tetra(neopentyl)titanium has
been shown to serve as a precursor for the deposition of thin
films of titanium carbide at tenperatures as |ow as 150°C_£87- 90].
When the filns are grown under a hydrogen pressure of 10 torr,
the Ti:C ratio is 1.00:0.95. The as-deposited films are
anmor phous, and can be induced to crystallize only at tenperatures
in excess of 1100°C. The filnms have been fully characterized by
XPS, AES, RBS, SIMS, EXAFS, and electron mcroscopy. The
mechani sm of deposition of TiC has also been investigated by
ki netic and deuterium | abeling studies. The primary step in the
CVD pathway involves a-hydrogen elimnation to form neopentane
and titanium alkylidene internediates. The chrom um al kyl
tetra(neopentyl)chrom um undergoes CVD to give an anorphous
chrom um car bi de phase [91].

Cycl opent adi enyl s. Various cyclopentadi enyl conpl exes
have been studied as potential CVD precursors to netal carbides.
A 1959 patent cited the use of ’'titanocene’ for the deposition of
titanium carbide at tenperatures above 500°C, however, the
presence of graphite or anorphous carbon in the filns was not
addressed [33]. Subsequent investigations of the wuse of
cycl opent adi enyl conplexes of the early transition elenents have
shown that considerable anpunts of graphitic or anorphous carbon
are deposited along with the carbide phase [91-98].

METAL SI LI CI DES

Silyl Conplexes. The use of netal silyl (MSiHg) conplexes
as CVD precursors to transition metal silicides was pioneered by
Aylett in the 1970's [99-105]. The nmetal silyl conpl exes
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Co(Si H3) (CO) 4, M(SiHg)(COp5, Re(SiHz)(CO g, and Fe(SiHg) »(CO,4
were shown to deposit filns that contained both silicon and the
transition metal at tenperatures of 200-400°C. The films al so
contai ned appreci abl e anmbunts of carbon and oxygen, presumably as
a result of CO chem sorption.

METAL NI TRI DES

Di al kyl am des. Many of the precursors that are currently
being investigated as potential precursors for the deposition of
transition netal nitrides (and oxides, see below) were first
prepared by the English chem st D. C. Br adl ey. Specifically,
bi nary dialkylam des of the transition elements contain direct
nmetal -nitrogen bonds and are often reasonably volatile. The
titanium conplex Ti (Nl\/bz) was claimed in 1975 to serve as a
si ngl e-source precursor ?or TiN [106,107], but the deposit
obtained was black instead of gold colored, and later studies
have shown that the filnms are heavily contam nated w th carbon.
More recently, however, the addition of ammonia to the gas
streans has been shown to overconme this problem and good quality
films of TiN can be deposited at tenperatures above 350°C [ 108].

Qther Precursors to Metal Nitrides. Oher conpounds that
contain direct netal-nitrogen bonds have also been investigated
as potential netal nitride precursors. Al 'though the titanium
bi pyridine conplex Ti(NoCnHig)3 gives deposits that do contain
some nitrogen, the filnms I'n Qact are heavily contamnated with
titanium carbide and organic fragnments derived from the
bi pyridine ligands [109-115].

Metal carbonyl clusters that contain nitride groups have
recently been studied. The cluster HFeyN(CO 1, has been shown to
give FeN films at tenperatures of 160-180°C [ 116].

METAL OXI DES

Al coxi de Precursors. Al coxi des of titanium zirconium
vanadium tantalum and copper have been studied as CVD
precursors to the netal oxide phases [117-128]. Usual 'y, water

or oxygen is added to the CVD gas streans to assist in the
renoval of the al coxide |ligands and the deposition of carbon-free
oxide filns. More recently, alcoxide precursors have been used
to deposit ferroelectric materials such as PbTiO3 by co-
deposition of a titanium alcoxide with a |ead precursor. O her
ferroelectric materials have also been grown by this technique
[129-131]. A general reference to the use of netal alcoxides as
[stlgrzil ng materials for solid state oxides has recently appeared

Acetyl acet onate Conpl exes. Perhaps the npbst generally
useful precursors for CVD are the acetyl acetonates and conpl exes
of substituted acac |igands such as dipival oyl nethane (dpn),
trifluoroacetyl acetone (tfacac) and hexaf | uor oacet yl acet one
(hfacac) . These precursors have been enployed to deposit oxide
films of elements such as Zr, Hf, Fe, Ni, and Cu at tenperatures
as low as 450°C [133-139]. The nunber of published reports that
describe the use of acac conpounds for the deposition of netal
oxides has increased trenendously in the last few years; nost of
these publications involve the use of acac conplexes as sources
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for the deposition of high tenperature superconductors. Studies
directed toward the deposition of YBa Cusoé [140-151] and the
bi srut h- cont ai ni ng super conduct or s [%52—1 4] have recently
appear ed; plasma-enhanced CVD studies have also been carried out
[155, 156]. One advantage of the MOCVD technique is that c-axis
oriented filns can be laid down that can carry high critical
currents. One of the difficulties of the MOCVD approach is that
the three or nore precursors required for the synthesis of these
quaternary and higher phases have different volatilities and
deconposi tion tenperatures, but nust undergo deposition together.
This problem can be overcome by introducing the acac precursors
simul taneously into the hot zone through separate feed-ins.
Oxygen and water are typically present in the gas stream during
deposi tion. Generally, the deposition tenperatures are about
550°C, and the deposits must be post-annealed at 900°C under
oxygen to convert them to the superconducting phase. Recent |y,
however, it has been observed that the use of N,O as an oxygen
source during deposition allows the superconducting phase to be
grown directly w thout a post-annealing step.

METAL SULFI DES

Few depositions of transition netal sulfides appear to
have been carried out from netal -organic precursors. The tert-
butyl thiolate conplex of titanium Ti(S-t-Bu), is reported to
deconpose under static conditions to TiS [ 1571 . The organic
byproducts detected were di(tert-butyl)sulfide and di(tert-
butyl)disul fide. In another study, attenmpts to grow |anthanide
sul fides were pursued by passing a mxture of hydrogen sulfide
and a p-diketonate conplex or a tris(cyclopentadienyl) conplex
through a hot zone; in both <cases, the films contained
appreci abl e anmbunts of either oxygen or carbon [158].

CONCLUDI NG REMARKS

To date, the conmercial application of transition netal-
organic precursors for the deposition of thin film is in its
i nfancy. There are both advantages and disadvantages of using
the MOCVD technique for the deposition of thin filnms that contain
transition netals [159]: al though the processing tenperatures
can often be |owered below those typical of methods that involve
net al halide precursors, the deposition process nmay be
considerably nore difficult to engineer and the resultant film
often contains excess carbon or other undesirable heteroatons.
Neverthel ess, there is reason to expect that these difficulties
will be largely overcone. Met al -organic CVD precursors for
mai n-group elenents have largely supplanted halide precursors in
the growth of conpound sem conductors such as GaAs and InP, and
it is possible that the next twenty years will see a simlar
increase in the use of transition netal -organic conpounds as CVD
sour ces.
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