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Abstract

Volatile precursors of copper, silver and gold for chemical vapour deposition (CVD) of metallic layers are described. There is considerable
research interest in CVD because it provides advantages such as selective deposition, control of film density and thickness, etc. over oth
physical deposition techniques. Copper, silver, and gold compounds used as CVD precursors can be divided into three types: inorgani
coordination and organometallic. Organometallic compounds are often used as CVD precursors, however they usually are air and moistur
sensitive, moreover they are characterized by low thermal stability. Inorganic compounds, which are usually air stable and easy to obtain
exhibit low volatility and require lower deposition pressures and higher vapourization temperatures. Therefore, we present here results on: (&
synthesis and characterization of inorganic and coordination precursors, (b) applications in CVD of metallic layers, (c) studies on the impac
of CVD parameters on the quality of nanolayers, (d) gas phase composition and reactions during fabrication of the metallic films.

Carboxylates of copper(l), silver(l) and gold(l) and their complexes with tertiary phosphines are described as a new class of CVD precursor
The molecular structures have been discussed based on X-ray structural analysis and spectroscopic iteft@dsP, 1°F, ©3Cu NMR
31p CP MAS NMR, along with variable temperature NMR and IR were used for characterization of new Cu(l), Ag(l) and Au(l) complexes
of general formula [M (COOR)(L)] where R :QJﬂC(CF‘g)g, C,Fs, CoHs, (CH3)3S|CH2, CsH7, GiF, (CHg)gSlQH;;, C4Hg, CsF13, C7F15,

CgF17, CoF19, CsFs, CsH2(CHs)3, L= PR where R=Me, Et, Ph, OMe, OEt, OPh, or L = diphosphines—dppm, dppe. The analyses of thermal
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decomposition and MS data have been used for elucidation of the decomposition mechanisms, description of the transport in the gas phase
and deposition processes. The molecular structures of the precursors have been discussed in relation to the quality of the obtained metallic
nanolayers.

© 2005 Elsevier B.V. All rights reserved.

Keywords: Copper(l); Silver(l); Gold(l); Volatile carboxylate complexes; Phosphines; CVD

1. Introduction Therefore in this review the following areas of research
will be discussed: (a) synthesis and characterization of the
The synthesis and characterization of copper, silver andinorganic and coordination precursors, (b) applications of
gold coordination compounds as new precursors for chem-these precursors in CVD of metallic layers, (c) the impact of
ical vapour deposition (CVD) of metallic thin layers is an CVD parameters on the quality of nanolayers, (d) gas phase
area of extensive research. The fabrication of metallic thin composition and reactions during fabrication of the metal-
films using CVD techniques is a matter of interest, due to lic films. The parameters that decide the use of a particular
advantages arising, among others, from kinetically controlled compound as a precursor are as follows: sufficient thermal
deposition processes. The unique structural, optical and elec-stability, volatility that enables transport to a substrate and
trical properties of these metals have resulted in their wide high purity of metallic layers.
applications including the vertical interconnects in micro- The most general feature, which has an impact on the
electronic devicefl —3], ultrafast optical switchdg], optical volatility of compounds, is their molecular structure. There-
filters [5,6] and components of high-temperature supercon- fore the potential precursors should be: non ionic, with weak
ducting materiald7]. Metallic films can be produced by intermolecular interactions and decompose to pure metallic
many deposition techniques, e.g. galvanic, solf&]ephoto- films under strictly defined temperature and pressure condi-
chemical depositiof0], thermal evaporatiofi0], or pulsed tions. In the design of precursors for pyrolitic CVD appli-
laser depositiorf11]. The development of these methods cations, knowledge about the gas phase reactions enables
requires stable volatile metallic compounds, which can act fabrication of pure metallic surfaces. Ligand dissociation and
as precursors of the metals. Copper, silver and gold com-fragmentation reactions in the gas phase have the principal
pounds used as CVD precursors are classified into three typesimpact on the purity of films. Therefore, the additional goal
inorganic[12,13] organometalli¢1,13,14]and coordination ~ was to describe the mechanisms of decomposition in the solid
[13,15,16] state and elucidation of the gas phase molecular composition
Inaddition to the physical deposition parameters, the prop- during transport in the CVD process.
erties of nanofilms can also be controlled by the molecular  The most often used inorganic precursors of copper, silver
nature of the process. The CVD of an elemental material and gold are fluorinated Au(l), Ag(l) and Cuf)diketonates,
such as a metal is simple, but it can be complicated whenand their complexes with secondary ligands which stabi-
another molecular precursor is introduced and binary andlize M—O bonds. Soft donors e.g. P-, S- and olefins are
ternary materials can be obtained (alloys). Selected precur-used most often as secondary ligands. The systematic vari-
sors can produce a uniform coating on a complex surface ofation of ligands, by changing th&diketonate and the sec-
substrate. This can be achieved by phase diffusion of precur-ondary ligand can result in obtaining the required film prop-
sors and penetration of the complex substrate surface. Theserties. A number of complexes with empirical formula@(
characteristic features prompted us to prepare and structurallydiketonate)L, where M = Cu, Ag, Au;#PR;, R =Me, Et or
characterize coordination precursors of copper, silver andalkynes, vinyltrimethylsilane (VTMS);-diketonate) = 2,2-
gold. dimethyl-6,6,7,7,8,8,8-heptafluoro-3,5-octanedionato (fod),
Organometallic compounds are often used as CVD pre- 1,1,1,5,5,5-hexfluoroacetylacetonato (hfac) or silanes were
cursors, however they usually are air and moisture sensitive,applied[1,2,14—23] The best volatility and stability of com-
moreover they exhibit low thermal stability. On the otherhand plexes were noted for fluorinate@-diketonates and low
they demonstrate better volatility (deposition temperature molecular weight tertiary phosphines. Fluorinated Schiff
<300°C), in comparison to inorganic precursors; however base analogous @-diketonates have also been employed as
non-metallic impurities in films (e.g. C, O, F, P, N) can be precursors, but they were less volatile thanghdiketonates
a significant problem in microelectronic technologies. How- [18].
ever, the use of hydrogen as a reduction component of the In order to find suitable inorganic precursors, research
carrier gas, contributes to a significant decrease in the non-interest has focused on noble metal carboxylates and their
metallic impurities in metallic layers. The majority of inor- complexes. The primary ligands in these complexes were
ganic compounds, because they are involatile and require lowbonded aliphatic and perfluorinated aliphatic carboxylates.
deposition pressures (below 1mbar) at higher vapour-  The secondary ligands usually were tertiary phosphines,
ization temperatures (above 4Q0D), can be obtained in a  which belong to end-onr-donor,w-acceptor ligands, which
simpler way and are air stable. are particularly useful in stabilizing the coordination sphere
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of soft metals such as Cu(l), Ag(l), Au([R4-27] Such
ligand systems should decompose easily on d¢hdonor
end, while being stabilized on the-acceptor side during
decomposition and transport processes. Moreover, Ag(l) ions
demonstrate a variable nuclearity in the phosphine complexes
which make them an attractive subject for structural stud-
ies. Perfluorinated aliphatic carboxylates have been chosen
as O-donor ligands because fluorine improve the volatility
of complexes, which is important for CVD experiments.
Moreover, carboxylates are able to bind in mono- or poly-
dentate (chelating or bridging) mode; hence one may expect
multinuclear complexef28]. In the case of perfluorinated
carboxylates, due to lower basicity of COO group than for the
non-fluorinated analogs, different coordination modes can
also be expected. Additionally the diamagnetism of Cu(l),
Ag(l) and Au(l) complexes, allows characterization in the Fig. 1. Structure of [Cu(OOCCFRH(PPh),] (reprinted with permission
solid state withtH, 13C CP MAS NMR and in solution by ~ from Ref.[71]; Copyright 1994 RSC).

1H, 13¢, 19, 31p, 63Ccy NMR, along with variable temper- .
ature NMR. The detailed analysis of tAl, 13C, 19, 31p copper(l) compoundfs0,62,64,66]and the exchange with

NMR resonance and the spin—spin coupling have been useqca;rboxylatels n cogﬁtatrgl)hsaltfsi;Gl,GhS] Cu() carbotxy—t
for elucidation of the geometry of the complexes and lig- a}eT C(:mdp %xe_?hm ripheny pCosg(;nCeRwere mor? inten-
and coordination modes in solution, whereas IR #RICP sively studied. The monomeric [Cu( )(REA, where

. R=H, CHz, CgHsCONHCH,, CH,=CHCH,, fluorene and
MAS NMR spectroscopy were used for the same purpose in ) .
the solid staté29-46] CFH,, exhibited a distorted tetrahedral geometry of Cu(l),

with varying degrees of asymmetry and bidentately linked
carboxylate§60,61,70—74] An X-ray structure is shown in
Fig. 1, illustrating the chelating monofluoroacetate in a com-
plex with triphenylphosphine.

Analogous structures were proposed for [Cu(OOCR)
(PPR)2], R = Et,n-Pr,i-Bu, Ph,o-tol, m-tol, p-tol from spec-

2. Copper(I) carboxylate complexes

Copper(l) complexes with oxygen donor ligands such

as carboxylates exhibit mono- or multinuclear structures troscopic and conductivity dal0,62] In the case of di- and
depending on the nature of the carboxylate and other lig- | . o §
ands in the coordination sphere. These compounds havetrlfluoroacetate .[CU(OOCR)(EtOH)(PBB]’ Cu-O bonds
been studied less than analogous Cu(ll) species, due toVere asymmetric, su<_:h that the carboxylate appeared to be
the instability of copper(l)—oxygen bonds. One can explain monodentately cpo@nated and_ ethanol molecgle_ has com-
this as a weak bond between hard oxygen and soft Cu(I)pIe’{ed the coordination sphe_rEnQ. 2 163,71} Similarly,
using hard—soft acid—base theory. The copper(l) carboxy-a monodentate carboxylate binding mode was observed for
lates exhibited tetrameric (e.g. [CUOOC{F2CsHg) or
polymeric (e.g. [CuOOCCH],) structures in the solid state
[47-54] and are air and moisture sensitive. The complexes
increased in stability when olefins, amines, phosphites or

phosphines were introduced to the coordination sphere.

2.1. Copper(I) carboxylate complexes with tertiary
phosphines

Copper(l) carboxylate complexes have many applications:
in catalytic processd$5—66] in host—guest chemistf37]
and in medicind68]. Dicopper(l) oxalate complexes with
alkynes or alkenef69] have been studied as precursors in
CVD of thin copper films.

Copper(l) carboxylate complexes with phosphines were
obtained as follows: the reduction of copper(ll) carboxylates
by various reducing agents (e.g. phosphines, metallic cop-
per, hydrazine)29-34,61,63,7Qlelectrochemical oxidation

of copper metal in the presence of phosphine and carboxylicrig. 2. structure of [Cu(OOCGIEtOH)(PPh)2] (reprinted with permis-
acid[71], the reaction of carbon dioxide with alkyl- or aryl-  sion from Ref[71]; Copyright 1994 RSC).
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Fig. 3. Structure of [Ce{ P(OR)3}4(n-OOCCH),] (reprinted with permis-
sion from Ref[57]; Copyright 1981 RSC).

other carboxylates: orotates, dihydroorotates and cyanoac
etate, where tricoordinated Cu(l) ions were obsef@ddb5]

The complexes [Cu(OOCH)(PBR]-HCOOH and
[Cu(OOCH)(PPB)3]-0.5EtOH  exhibit four-coordinated
Cu(l) with three crystallographically independent phosphine
molecules and monodentate formate anion. ¥ feCPMAS
NMR spectra of these complexes exhibit partially resolved
multiplets resulting from an inequivalence of the triph-
enylphosphine$75]. The analogous structure was evident
for [Cu(OOCH)(triphos)]. Moreover the spectroscopic data
suggested different types of formate bonding (monodentate,
chelate or bridging) depending on the type of phosphine
(PPHh, PCys, PMePh, etp) and synthesis conditiorj66].

Liquid compounds of general formulae [(R(OR)3}>
(n-OOCCH)], where R=Me or Et, were obtained in
the reaction of the mixed-valence complexes '[Quf,
(OOCCH;)s{P(OR)3}2], with monodentate oxygen- or
nitrogen-donor ligands, L (e.g. pyridine, urea, triphenylphos-

2235

-87.363

-110.410
——064.431

300 [ppm] 4150

250 [ppm] 50 -150
Fig. 4. 3Cu NMR spectra of (a) [C4{ P(OEt}}2(n-OOCGFs),]—signal
of a cation [CYP(OEty}s]* was detected at 87.4ppm,

[Cu{P(OBuU}}2(.-OOCGFs),]—signal of a cation [C{P(OBu)}a4]*

(b)

and average signal of species [Cu(OQE€§)(MeCN),] (x=2 or 3),
[Cu(MeCN)(n-OOCGFs)], [Cu(OOCGFs)(MeCN),{P(OBu}}] (x=1
or 2) were detected at 88 and13ppm, respectively (reprinted with
permission from Ref{30]; Copyright 1999 Elsevier).

19r, 31p and%Cu NMR spectra were used for elabora-
tion of the exchange processes in acetonitrile solution of
[Cuz{P(OPh}}2(1.-OOCRY] (Fig. 4). Moreover, the cop-
per(l) relaxation processes in these equilibria were suffi-
ciently slow to record &3Cu NMR signal, which was the
first example of symmetry lower thdf for Cu(l) complexes
with P(OPh}.

In the case of complexes with alkylphosphite fRVe,
Et, Bu) the dimeric structure was broken, into the
following  species: [CP(OR)3}4]*, [Cu(OOCR)
(MeCN),] (x=2 or 3), [Cu(MeCN}(n-OOCR)] and
[Cu(OOCR)(MeCN){P(OR)3}] (x=1 or 2) Fig. 5. The
signal of a cation [C{iP(OEty}4]* (at 87.4 ppm, spectrum

phine oxide). The spectroscopic data demonstrate the dimeric®) @ppeared as a quintet due to the £aRromophore and

structure of the complexes with the bidentaye—syn car-
boxylates Fig. 3) [55-57]

Cu(l) complexes with tertiary phosphites and aliphatic
perfluorinated carboxylates of the type [R(OR)3}(w.-
OOCR)] were prepared as viscous liquids according to the
following schemes:

[Cu(OOCR)] + Cu — 2[Cu(OOCR), (1)

[Cu(OOCR)}oi + P(OR)3 — [Cu{P(OR)3}(1-OOCR)]
(In

where R=CEk, CoFs, C3F7, CgF13, C7F15, CgF17, CoF10:
sol = acetonitrile R=Ph, Me, Et;-Bu [29,30]

The spectroscopic results suggest a dimeric structure for
complexes [Ce{ P(OR)3}2(.-OOCRY] in the liquid state,
where the metal ions in trigonal symmetry are linked by
the bridging carboxylates. This type of bonding was also

heteronuclear spin—spin coupling/¢,_p). In the case of
[Cuz{P(OBuU}}2(-OOCGFs)2] (spectrum b) the signal
due to the cation [C{P(OBu}}4]* was centered at ca.

88 ppm, whereas other species present in solution such as
[Cu(OOCGFs)(MeCN),] (x=2 or 3), [Cu(MeCN)(w-
OOCGFs)], [Cu(OOCGFs)(MeCN),{P(OBu}}] form a

very wide band centered at cal3 ppm.

Thermal studies of two series of compounds:
[Cu(OOCGFs){P(OPh}},] and [Cu(OOCGF13)
{P(OPh}},,], m=1-4, exhibited CpP,O; as the major
product of decomposition, hence they are not suitable for
CVD applicationqd31].

The complexes of general formula [(R(OR)3} (-
OOCR)] were unstable in air, turning green according to the
following reaction:

4[CU{P(OR)3}(1n-OOCR)] + 2H,0 + O
— 4[Cu{P(OR)3}(n-OH)(u-OOCR)]

detected in the gas phase by means of VT IR and EIMS spec-EPR spectra and magnetic susceptibility measurements
tra analysis. In MS the most intense signals were observedindicate that these complexes have a polymeric structure
for [Cup(OOCR)J and [Cy(OOCRY]* fragments. Thé3C, [Cu{P(OR)3}(.-OH)(u-OOCRY)}, with bridging carboxy-
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Fig. 5. Possible species existing in equilibrium after dissolving {COOCR) P(OPh}}]2 in acetonitrile.

lates and hydroxo group, exhibiting the rarely observed iness of the phosphines, while variation in metal-ligand
Cu(I)—P(lll) bond with monodentately bound phosphite. bond distances depend on the donor properties of the
Thermal decomposition was found to be a multistage pro- carboxylates.

cess, which in nitrogen yields a mixture of Cu, Quand

CwpP20y7, but in air pure CpP,0O7 [76—78] 2.2. Copper(l) carboxylate complexes with diphosphines
X-ray crystal studies of Cu(l) complexes with the lig-
ands discussed are listed ifable 1 The most com- Complexes with diphosphine ligands discussed in this

mon structure appears to be monomeric with Cu(l) in a section present more complicated structures than their phos-
distorted tetrahedral geometry. The distortiog is evident phine analogous. The molecular structure of{@ppm} (-

in the Cu-P distances, the shortest being 221@hile OOCCH)]BF4-(CH3)2CO exhibits two Cu(l) atoms bridged
the longest 2.34A. This suggests uneven bond strength, by two dppm ligands and one acetate, that imposes a tricoor-
even with ligands with the same-donor, w-acceptor dinated metal in a quasi-planar triangular fashiéig( 6)
properties (e.g. PBh The same trend can be noted for [58,79] The complexes [C{OOCRY(w-dppm)], where
Cu-O bonds, which are also different, whereas in some R =Ph,o-tol, m-tol, p-tol are probably monomers with the
cases they are even shorter than—BuThis is evident  bridging diphosphine and bidentate carboxylates, but in the
for perfluorinated carboxylates where one-Qubond is case of complexes [Cu(OOCR)}dppm)] (R =Phyp-tol, m-

shorter, but in some cases: [Cu(OOGIEtOH)(PPh),], tol, p-tol) dimeric forms with monodentate carboxylates were
[Cu(OOCCR)(EtOH)(PPh),] both are shorter than Gp. suggested60].
The biggest distortion of FCu—P angle is noted for com- For copper(l) perfluorinated carboxylates complexes with

plexes with bulky phosphines (Pg)y Distortion of the coor- dppm [Cuy(p-dppmp(OOCRY] dppm, where R=gFs,
dination sphere geometry depends strongly on the bulk- C4Fg, CgF13, CsF17, CoF19 a dimeric structure in the solid



Table 1
X-ray crystal structure data for Cu(l) carboxylate complexes with phosphines

Compounds Type of structure Bond distano?&]s [ Angles [°] Ref.
Cu-P Cu-O P—Cu—P P-Cu—0O O—Cu—0
[Cu(OOCCH;)(PPh)2] (T=193K) Monomeric (distorted tetrahedral) 2.224(1); 2.231(1) 2.228(3); 2.166(3) 133.3(1) 2 60.3(1) [61]
[Cu(OOCGHsCONHCH,)(PPRs)2]  Monomeric (distorted tetrahedral) 2.267(5); 2.236(5) 2.136(5); 2.370(6)  130.9(1) 113.9(2); 107.9(2); 113.6(2); 106.6(%} [61]
[Cu(OOCCH =CHCH,)(PPh),] Monomeric (distorted tetrahedral) 2.241(1); 2.254(1) 2.229(3); 2.194(3)  127.3(1) 108.5(1); 108.7(1); 111.0(1); 119.7(13 [61]
[Cu(OOCG3Hg)(PPh)2]ELO Monomeric (distorted tetrahedral) 2.238(3); 2.236(3) 2.29(1); 2.156(6) 128.6(1) 110.6(2); 112.9(2); 115.2(2); 112.7(H [61]
[Cu(OOCGH7)(Pcys)2] Monomeric (distorted tetrahedral) 2.231(1); 2.248(1) 2.276(4); 2.181(3) 137.4(1) 102.3(1); 109.4(1); 109.7(1); 111.3(13 [65]
[Cu(OOCGH4CN)(Pcys)2] Monomeric (distorted trigonal planar)  2.229(2); 2.243(3) 2.119(7) 145.2(1) 102.8(1); 111.7(2) [65]
[Cu(OOCCFH)(PPH)2] Monomeric (distorted tetrahedral) 2.232(3); 2.222(3) 2.144(6); 2.363(7) 135.0(1) 112.8(2); 101.7(2); 106.8(2); 117.0(2) 58.472)
[Cu(OOCCRH)(PPh)2] Monomeric (distorted tetrahedral) 2.234(3); 2.219(2) 2.118(4); 2.465(6) 135.8(1) 111.6(2); 99.3(2); 109.3(2); 117.0(2) 56.772)
[Cu(OOCCER)(PPh)2] Monomeric (distorted tetrahedral) 2.235(2); 2.228(2) 2.113(4); 2.545(5) 136.7(1) 112.6(1); 98.6(1); 108.3(1); 116.3(1) 55.4{a)
[Cu(OOCCRH)(EtOH)(PPh)2] Monomeric (distorted tetrahedral) 2.248(3); 2.236(3) 2.074(8); 2.169(820.5(1) 107.7(2); 107.7(4); 109.9(2); 116.9(3) 89.4(2) [71]
Cu-EtOH
[Cu(OOCCR)(EtOH)(PPh)-] Monomeric (distorted tetrahedral) 2.248(2); 2.240(2) 2.104(6); 2.160(520.8(1) 107.7(2); 107.7(3); 109.1(2); 117.3(2) 89.4(2) [71]
Cu-EtOH
[Cu(OOCH)(PPB)2] Monomeric (distorted tetrahedral) 2.247(1) 2.226(3) 128.3(4) a a [60]
[Cu(OOCH)(PPB)3]-HCOOH Monomeric (distorted tetrahedral) 2.315(1); 2.329(1p.085(3) 112.72(4); 109.77(9); 98.36(9); 97.35(8) [75]
2.332(1) 115.42(4);
119.45(4)
[Cu(OOCH)(PPB)3]-0.5EtOH Monomeric (distorted tetrahedral) 2.332(1); 2.332(12.042(4) 112.29(4); 106.4(2); 101.3(1); 99.8(2) [75]
2.341(1) 116.09(4);
117.98(4)
[Cu(OOGH3N204)(PPh)2]-MeOH  Polymeric (distorted tetrahedral) 2.255(6); 2.257(8) 2.08(2); 2.28(2) 2 a [64]
Cu-0 exocyclic
[Cu(OOGH;5N204)(PPh)2]-MeOH  Monomeric (distorted tetrahedral) 2.260 2.043(4); 2.244(4%, a [64]

2.200(3); Cu-0O
exocyclic; 2.245(4)
Cu-0 exocyclic

@ Data unavailable.
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6. Structure  of
(reprinted with permission from RefB8]; Copyright 1997 ACS).

Fig. [Ca(p-OOCCH)(u-dppm}]BF4-(CHs)2CO
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m-tol, p-tol [60,80] Moreover, the structure of the complex
[Cuz(n-OOCCH;)2dppe] was determined in the solid state,
as a polymeric chain of dimeric copper(l) units containing
the bridging dppe and two acetates. The dimers were linked
via weak Cu—O(carboxylate) interactioj@9].

Compounds of general formula [gldppe}(n-OOCR)]
and [Cu(diphosphing)(RCOO), where R=gFs, Cy4Fog,
CsF13, CgF17, CoF19; diphosphine =dppe, dppp, dppB, were
characterized by spectroscopic methods. The presence of
distinct bis-chelated cations of [Cu(diphosphiijé) and
uncoordinated carboxylate anions has been proposed for
M:L=1:2 complexes in the solid state and in acetoni-
trile solution. Whereas for M:L=1:1, a dimeric form with
bridging carboxylates and chelating diphosphines in the
solid state was postulated. Moreover, in acetonitrile solu-
tion VT 3P NMR spectra exhibited at least the following
species: [Cp(dpped(n-OOCRY], [Cuz(dpper(OOCR)J,
[Cu(OOCR)(dppe)], [Cu(dppe)t being in equilibrium
[33,34]

X-ray crystal data for diphosphines are listedleble 2
In comparison to monophosphines they exhibit dinuclear and
polymeric structures, which are more favourable for biden-
tate ligands such as diphosphines. The central ions are often

state was proposed, with three bridging diphosphines andin a distorted tetrahedral coordination, while-@udistances

monodentate carboxylates. This was based upon IRZKS,
CPMAS NMR and'3C CPTOSSB NMR analysis. In solu-
tion VT 3P NMR spectra exhibited at least three dimeric
forms with the most favourable [Cu(dppsii} species being
in equilibrium[32].

Complex  [Cy(OOCGsHs)2(dppe}(n-dppe)}4H20
exhibited two Cu(l) ions bridged by one dppe. The

were in the range 2.157-2. 3B4whereas CuO are shorter,

in the range 1.993-2. 1% In comparison to monomeric
structures with PR the Cu-P bond distances (the shortest
being 2.219A while the longest 2.344) are slightly longer,
whereas for C4O the opposite trend is evident. These dif-
ferences in metal-ligand distances can be connected to the
observed stronger thermal stability of diphosphine complexes

distorted tetrahedral coordination around the Cu(l) is relative to phosphines. Spectroscopic studies of other diphos-
completed by P atoms from the chelating dppe and an phine complexes are also in favour of dimeric or polymeric

O atom from monodentate benzoateéq 7) [68]. Previ-

structures. The low volatility of diphosphine complexes and

ously, similar structures were proposed for derivatives of their lack of CVD applications are a consequence of these

[Cux(OOCRY(dpped(n-dppe)], where R=Me, Phy-tol,
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Fig. 7. Structure of [Ce(OOCGsH5s)2(dppel(-dppe)}4H20 (reprinted with permission from Rg68]; Copyright 1997 Elsevier).



Table 2

X-ray crystal structure data for Cu(l) carboxylate complexes with diphosphines

Distance [5\]

Bond distano&]s [

Ref.

Angles [°]

Type of structure

Compounds

O—Cu—P

P-Cu—P

Cu-O Cu—Cu
2.254(2); 2.258(2); 2.029(4); 1.993(4)

2.241(2); 2.243(2)

Cu—P

(58]

115.48(12);

113.08(12);
114.41(12);
116.19(12)

130.56(6); 128.87(6)

2.7883(11)

[Cuz(dppm)(p.-OOCCH;)|BF4-(CH3),CO  Dinuclear (quasi-planar triangular)
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(68]

111.6(1); 111.1(2);

109.8(1)

89.5(1); 109.7(1); 123.4(1)

2.259(1); 2.304(3); 2.061(4)

2.276(2)

Dinuclear (distorted tetrahedral)

[Cuz2(OOCGsHs)2(dppe}(p-dppe)}4H20

(80]

122.73(1); 124.28(1);
129.93(1); 122.54(1);

2.127(3); 2.001(2;711(1)

2.011(3); 1.994(2)

2.178(3); 2.157(2)

Polymeric (distorted tetrahedral)

[Cuz(1.-OOCCH;)2dppe]

3. Silver(I) carboxylate complexes

Silver carboxylates are an alternative class of precursors
for silver CVD that, until very recently, appear to have been
largely overlooked, though the use of acetate derivatives have
been reportefil1,81]

In the solid state, silver(l) carboxylat¢82,83] mostly
form bridged dimers as in [AOOCGHs)2] [84]; they
also exhibit aggregation of these dimers into a ladder
forming a polymeric network (e.g. [Ag(OOCGH, [85],
[A(OOCC(CHs)z],  [86], [AgOOC(CH)CC(H)CH],
[87]. Their poor solubility and light-sensitive make their
structural characterization diffic8].

3.1. Silver(I) carboxylate complexes with tertiary
phosphines

In the complex [Ag(OOCCE){P(CsH4CHaNMez-2)3}]

[89] the trifluoroacetate anion was monodentately bonded.
In this case, three-coordinated silver(l) adopted an unusual
T-shaped planar geometry, defined by atoms Agl, P1, N1
and O1 Fig. 8). The atoms Agl, P1 and O1 form are almost
linear (174.70(7), whereas the silver-bonded nitrogen atom
N1 is perpendicular to the O1-Agl-P1 axis (P1-Agl-N1,
91.42(5), 01-Ag1-N1, 89.78(8) (Fig. 9).

The coordination of P(fH4CH2NMe;-2)3 to the silver(l)
center has also been confirmed BYP{*H} NMR spec-
troscopy. In theP NMR spectrum, a coupling of the phos-
phorus t0'%7:19%g is found at—31.9 ppm, with'J coupling
constants ofl/107Ag3P 511 Hz andl/19°Ag3lP 603 Hz
[89].

Monodentate carboxylate ion was also noted in [Ag
(OOCGFs){(PPh)s}] 0.5thf [90], [Ag(OOCH)(PPR)3]
HCOOH [75], but in contrast to the corresponding sil-
ver(l) trifluoroacetate complex, the crystal structure of
[Ag(OOCGFs)(PPhy)s] 0.5thf and [Ag(OOCH)(PP$)3]
HCOOH exhibits tetra-coordinated Ag(l) with three crys-
tallographically independent triphenylphosphine molecules

25, c13
czr K PO
7 C12

C
i
F4 %é c1 ﬁ.i(u/cu

SN
\

Fig. 8. Molecular geometry for [Ag(OOCGK P(CsHaCH2NMex-2)3}]
(reprinted with permission from ReB9]; Copyright 1998 Elsevier).
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Fig. 9. Structure of [Ag(OOCEFs){(PPhy)s}] (reprinted with permission Fig. _11. Dimeric structure of_ [Ag(OOCéFs)(P_Ph;)]z (reprinted with per-
from Ref.[90]; Copyright 2004 Elsevier). mission from Ref[90]; Copyright 2004 Elsevier).

monodentate triphenylphosphine molecules and symmetri-

occupying three coordination sites and the carboxylate anioncally chelated stearatéig. 10. The low solubility of this
coordinated through one oxygen atokig(. 9). species, when compared to the starting carboxylate, can be

There are a few Ag(l) complexes with chelating car- related to the long aliphatic chain and the two PRgands,
boxylate and tertiary phosphines and their X-ray crystal which reduces the polarity of the molecy$2].
structure determined: [Ag(OOCH)(2HOOCH)(PPi A number of Ag(l) complexes with bridging carboxy-
[91], [AQ(OOC(CH)16CH3)(PPh)2] [92], [Ag(OOCCHR) lates and tertiary phosphines have been prepared and the
(PPhl)2] [93] and [Ag(OOCGF;)(PPR)2]  [94], crystal structures of some have been determined by single
[Ag(OOCCHCN)(PPR)2] [87], [Ag(OOCCHCHCH, crystal X-ray diffraction[35,36,90,95-98] Dimeric struc-
CHy)(PPh)2] [87], [Ag(OOC(CH;)CHCHg)(PPH)2] [87]. tures were confirmed for [Ag(OOGEs)(PPH)]2 [90] and

The molecular structure of [Ag(OOC(GHeCHs3) [Ag(OOCCR)(PCw)]2 [95] (Fig. 11), where PCy and tri-
(PPh)2] [92] contains four coordinated silver(l) with two  fluoroacetate ligands were insgn configuration.

Fig. 10. Molecular structure of [Ag(OOC(ChtsCHs)(PPh),] (reprinted with permission from Ref92]; Copyright 1996 Springer).
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Fig. 12. Chain structure of [Ag(OOCEs)(PMe;)] (reprinted with permission from Ref90]; Copyright 2004 Elsevier).

Ag(2) 0@

P(2)

Fig. 13. Tetrameric structure of [Ag(OOCGHPPH)]4 with phenyl rings
omitted for clarity (reprinted with permission from Rg@9]; Copyright
1977 IUCr).

Use of smaller phosphines such as BMeads to for-
mation of a polymeric chain structure in [Ag(OOgkKg)
(PMe3)] [90] with bridging pentafluoropropionate and short
Ag-Ag contacts holding the monomers togethag( 12).

The P-Ag—0O and G-Ag—O angles demonstrate, that the

geometry of Ag(l) is closer to T-shaped than to trigonal planar.

A special case appeared to be [Ag(OOCGIRPR)]4
[99], were a tetrameric structure with two independent sil-
ver atoms in different environments were detecteid.(13).

The silver atom Ag(2) is bonded to a triphenylphos-
phine (Ag(2)-P(2), 2.376(3) and to two oxygen atoms
(Ag(2)-0(2), 2.241(8R, and Ag(2)-O(3), 2.260(1G3),
while the second Ag(1) is linked in a shorter distance to
PPhl (Ag(1)-P(1), 2.354(35\) and to three oxygen atoms

(Ag-0(4), 2.226(12}; Ag-O(1), 2.320(7A and Ag—O(1),
2.475(7)A) (Fig. 13 [99].

A number of silver(l) complexes with tertiary phos-
phines and carboxylic acid residues of general formula:
[Ag(OOCR)(PR)], where R=CH, C(CHg)s, CoFs, CoHs,
(CH3)3SiCH,, C3H7, CsF7, (CH3)3SiCoH4, CaHg, CgFs,
C7F15, CgF17, CoF19, CeFs, CeH2(CHg)3, R =Me, Et, Ph,
n=1, 2, were synthesized and characterized by spectro-
scopic methodg5—40,94] The mode of carboxylate binding
was proposed based on the COO group chemical shift in
the 13C NMR spectra and the splitting of the COO asym-
metric and symmetric vibrations bands in the IR spectra.
Relationships between the mode of carboxylate binding and
COO vibrational energies are availaljg8]. As a criterion
of carboxylate binding mode, the parametetoo=vas—vs
(as—asymmetric, s—symmetric), is used, which is compared
with the same one calculated for the respective sodium salts.
Spectroscopic analysis suggest bidentate carboxylates, form-
ing bridges between silver(l) iofi35—40,94pr in some cases
a chelate modg4].

The thermal decomposition of many Ag(l) compounds
was investigated and multistage decomposition processes
noted. The onset of the decomposition processes was found
between 95 and 17% and in the first stage, detachment of
the carboxylate was postulated, which was followed by dis-
sociation of tertiary phosphine. In the case of perfluorinated
carboxylates, the decomposition mechanisms are similar, but
the Ag-O bond stability was lower. Thus the coordination
sphere is apparently destabilized in Ag(l) carboxylates com-
plexes with electron accepting substituents (fluorine). The
Ag—O bond stability also depends on the electronic prop-
erties of the tertiary phosphines, rather than steric factors,
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Fig. 14. Structure of [Ag(n-OOCGsHs)2(e-dppf)] (reprinted with permis-
sion from Ref[101]; Copyright 1992 ACS).

and changes in following sequence: PMMd’Eg < PPhy. The
final product of the decomposition processes was metallic sil-
ver, which is evident from the analysis of TG curves and the
final product powder diffractogranj$00].

X-ray studies of Ag(l) complexes with phosphines and
carboxylates are listed iffable 3 Many different struc-
tures are observed such as monomeric, dimeric, trimeric
and polymeric, but the majority are monomeric. It is
difficult to find patterns from these data but shorter
aliphatic chains and perfluorinated acid residues seems to
be in favour of monomeric structures. These structures
are promising in future applications in CVD. The over-
whelming majority of the silver atoms are four coordi-
nate, with different degree of distortion from tetrahedral
geometry. The distortion is expressed by the variances in
Ag—P distances which are in the range 2.326-24603
whereas AgO distances are shorter being 2.173-2433
except for dimeric [Ag(OOCeFs)(PPh)]2 and monomeric
[Ag(OOCH)(PPh),]-2HCOOH, where the AgO are longer
(Table 3. The dimeric structures are more often observed
with bulky phosphines (PgyP(GH4CH2NMes-2)3, P'Bug,
PPh).

3.2. Silver(I) carboxylate complexes with diphosphines

Diphosphines effectively stabilize Ag(l) carboxylate com-
plexes through possible chelate and bridge binding. These
ligands stabilize silver(l) in its tetrahedral and trigonal pla-
nar geometries, and influence the nuclearity of the complexes.
The Ag(l) carboxylate complexes with dppf illustrate the
variability of carboxylic acid residue coordination modes
[101]. In [Ag2(n-OOCGHs)2(w-dppf)] two trigonal planar
Ag(l) ions, triply bridged by dppfs{yn) and two benzoates
were observedHig. 14). A similar structure was reported for
[Ag2(n-OO0CCHR)2(n-dcpm)][95].

In the case of [Ag(OOCCH;)4(dppf)], four tetrahedral
Ag(l) were interlinked by two bridgingyn-dppf, two chelate

Table 3

X-ray crystal structure data for Ag(l) carboxylate complexes with phosphines

Ref.

Angles [°)] O—Ag—P

o

Bond distano&k [

Type of structure

Compounds

Ag—O

Ag—P

[75]
[75]
[91]
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[95]
(89]
[99]
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Fig. 15. Structure of [Ag(OOCCH)a(dppf)] (reprinted with permission from Ref101]; Copyright 1992 ACS).

bridging (w2-(m2-Om1-0’)) and two triply bridging fu3-(n?- [Ag2(OOCRY{p-(PhePCHMe}], where R=CH, CaHs,
Oml-0) acetatesHig. 15. The above two complexes are i-C3H7, CgHs and [Ag(OOCCH)2(u-dppe)] exhibit
examples of molecules stabilized only by bridging ligands. dimeric structures with bridging diphosphines. The coordina-
Moreover, VTIH and3!P NMR spectra of both Ag(l)dppf  tion around the silver atoms was completed by a carboxylate
compounds suggested rapid diphosphine dissociation andinked either in a chelating or a bridging moHe5].

intermolecular exchange proces§bsl].

Onthe contrary in ([Ag(OOCH)Y(dppf)s]-2CHCl», both
monodentate formate and chelating) and bridging gni)
dppf were found in a dinuclear frameworki¢. 16 [101].

The complex [Ag(n-OOCCH—0,0),(n-O0CCH-—
0)2(r-dppm}]-2H20 exhibited a centrosymmetric tetranu-

clear aggregate in the solid phase, which in solution becomes

dinuclear[102,103] The X-ray crystal structure exhibited
two Agp fragments linked by two acetate molecules in a mon-
odentate modeHig. 17). The Ag(l) atoms in each part are
bridged by dppm and acetate in anti—syn fashion. This
compound reacts rapidly with 2 molar equiv. of dppm to
give [Ag2(n2-O0CCH),(p-dppm)]-2CHCk. X-ray struc-
tural analysis of the complex confirmed its dinuclear struc-
ture, with Ag(l) atoms doubly bridged by dppm and each
Ag(l) is additionally stabilized by a chelating acetate group
(Fig. 18.

Complex [A(OOCGHs)2(w-dppm}] is dinuclear with
a silver—silver distance of 3.080and bridged by two dppm
ligands[104]. In addition, each silver atom was coordinated

by one oxygen atom from a terminal phenylacetate group.

Therefore, each silver atom is in a highly distorted AgOP
trigonal planar geometry.

In solution, based orf!P NMR data analysis, com-
pounds of general formula [AOOCR)(wn-dppm)] and

Complexes of Ag(l) perfluorinated carboxylates with
dppm of general formula [AOOCRYdppm], where
R=CR;, CyFs, C3F7, C4Fg, CoF13, CoF19, Were charac-

Fig. 16. Perspective view of the structure of [A@OCH)(dppfy]-
2CH,Cl3, showing half molecule, which is centrosymmetric at the atom
center Ag(2) of the bridging dppf ligand (reprinted with permission from
Ref.[101]; Copyright 1992 ACS).
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Fig. 17. Structure of [Ag(n.-OOCCH—0,0)2(n-O0CCH—0),(-dppm)]-2H20 (reprinted with permission from RgfL02]; Copyright 1995 ACS).

terized by multinuclear NMR and IR. The X-ray structure between crystallographically inequivalent phosphorus atoms
of [Ag4(n-dppm)(n-OOCGFs)4] exhibited the centrosym-  and suggest an analogous tetranuclear structure in the solid
metric tetranuclear aggregate with the silver atoms bridged by state for R = GF7, CgF13, CoF19. An analysis of coordination

two dppm and four pentafluoropropionate units forming two shifts and coupling constants of \AtP NMR spectra is in
monoatomiguo—(m—0) and two tripleps—(12—0, n1—0) favour of the dimeric trigonal Ag(l) complexes with bridging
bridges Fig. 19. There are two crystallographically inde- carboxylates and dppm in solutif#l,43]

pendent Ag(l) atoms, one has distorted tetrahedral geometry X-ray crystal data for diphosphine silver compounds
with one Ag-P bond and three A¢O bonds, while the sec- are listed inTable 4 In comparison to monophosphines
ond one exhibits trigonal planar geometry with-Ag and more complicated di-, tetranuclear or polymeric struc-
two Ag—O bonds. ThélP CP MAS NMR spectra demon-  tures are observed. The Ag—P distances are in the range
strate splitting due ta7(1°7:10%g-31p) anc?/(P-P) coupling ~ 2.340-2.544, whereas Ag-O are 2.182—2.840 Ag—P

Ci2)

|y Cin

cn3)

Fig. 18. Structure of [Ag(n?-OOCCHg),(n-dppm}]-2CHCk (reprinted with permission from Reffl02]; Copyright 1995 ACS).
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Fig. 19. [Ags(pn2-OOCGF5—0)2(n3-O0CGFs—0,0,0")2(-dppmy] (reprinted with permission from Ref41]; Copyright 2003 RSC).

bond distances are close to those observed for complexe<;F15, CoF19, CsFs5, CeF5CH2, CH(CHz)NHC(O)GsHs,

with PRs whereas the AgO distances are slightly longer. CHoNHC(O)CH;, CH,NHC(O)GsHs have been reported

Due to the complexicity and large molecular weight, these [44—46,113-115]They were obtained in a metathetical reac-

species are less promising CVD precursors. tion of (phosphine)gold(l) halide and silver carboxylates
[44-46,114,115]

4. Gold(I) complexes with carboxylates and tertiary [AUCI(PRy)] + AGOOCR— [AU(OOCR)(PR)] + AgCl

phosphines Structural studies showed these species to be monomers
of type I (Scheme 1 or dimers of typell (Scheme 1

Volatile complexes of gold(l) appear to be less [90]. The molecular structure of gold(l) complexes depends

studied as CVD precursors than organometallic com- on the steric effect of the tertiary phosphine and car-

pounds. Well known organometallic precursors of metal- boxylate substituents (e.g. [Au(OOCE§FPMe3)] [116] and

lic gold B-diketonates (Chk).Au(B-diketonate), wheres- [Au{OOCC(CH)3}(PPhy)] [117]).

diketonate:acac, tfacac, hfacac are difficult to SyntheSiS X_ray Crysta| structures have been reported for some

[106,107] Perfluorinated carboxylates sbutyl derivatives Au(l) acetate complexes: [Au(OOCCH(PPh)] [114]

of short chain carboxylates that improve the volatility of (Fig. 20, [Au(OOCCR)(PPR)] [115] (Fig. 23),

the complexes have been chosen as alternatives. Howevelau(OOCCHz)(PPh)] [118] and [AW{OOCC(CH)s}
carboxylates form a weak bond with soft gold(l) because

they arec-donors with hard oxygen donors. Therefore, R
the stability of the complexes has to be enhancedsby

donor,w-acceptor ligands such as tertiary phosphines. Thus O)\
phosphine stabilized gold(l) complexes of general formula pp.

0— Au— PR,
 Ay— ) ,
[Au(OOCR)(PR)] may be an alternative to organometallic } 4 OYO '

CVD precursors. These complexes, besides their potential PR';— Au—O 0
for application in CVD[108] were studied as homogeneous R Y
catalyst4109,110]and in medicinal applicatiorj411,112] R

The synthesis of gold(I) complexes of general for-
mulae [Au(OOCR)(PR)] where R=Me, Et, Ph,tol
and R=CH, C(Cl‘b)3, CHC|2, CR, GCs3F7, CgF1s, Scheme 1.

I
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Fig. 20. Molecular structure of [Au(OOCCHg(PPh)] (reprinted with permission from Ref114]; Copyright 1995 Springer).

(PPh)] [117] which contains two independent monomers have been reported for gold(l) complexes with triphenylphos-
with very similar structureKig. 22). phine and amino acid derivativgkl1,112](Fig. 23.

The complexes crystallize as isolated monomers of Iype The coordination at gold is linear, with Au—O
(Scheme 1[90], where each Au(l) center is lineafgble 5. 174.6(1), and two molecules are linked by H bonding

The bulkiness of phosphine and pivalate ligands preventsbetween N and the benzoyl O (NO 3.00A) (Fig. 24.
the close approach of the monomers, which might have  The second type of coordinatioB¢heme 1is observed
allowed an auriophilic contact between the metal atoms. with (trimethylphosphine)gold(l) trifluoroacetat€ig. 25.

In contrast, the asymmetric unit of [Au(OOGKs;) which is trimeric with two short Au- -Au (typell, Scheme L
{P(tol)3}] [117] contains only one molecule, with a close to contacts in an angular Au-Au---Au unit [116]. These
linear P-Au—0 axis (178.7(1)). Some interesting structures trimers are a part of spiral chains running along thexis
of the crystal.

In addition the individual monomers have a typical
linear configuration at the gold atoms with angles: O(11)—
Au(1)-P(1), 177.0(5) O(21)-Au(2)-P(2), 168.9(5)
O(31)-Au(3)-P(3), 178.9(8)Fig. 26).

In a search for compounds with oxygen ligands (hard
donors) a series of complexes [Au(OOCR)@Rnvolv-
ing perfluorinated carboxylates (R=zks, C3F7, CgFis,
C7F15, CgF17, CoF19, CsF5, CeFsCHo) and tertiary phos-
phines (R=Me [46], Et [45], Ph[44]) were reported. The
compounds were characterized by means of multinuclear
magnetic resonancé3C, 1°F, 31P), IR and thermal analy-
sis [44-46] The mode of carboxylate binding was derived
from the analysis of chemical shift of COO group ifC
NMR spectra and splitting of the COO bands (asymmet-
ric and symmetric vibrations) using the criterion proposed
by Nakamoto[28]. Evidently there is Au(l) linear coordi-
nation, with monodentately bonded tertiary phosphine and
carboxylates. The tendency of gold(l) to form linear two-

Fig. 21. A view of [Au(OOCCE)(PPh)] (reprinted with permission from coordinate com-plexes can be eXPI?‘i'_ﬁ'e.d by the large 6®
Ref.[115]; Copyright 1988 IUCr). energy separation caused by relativistic eff¢tif]. X-ray
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Fig. 22. The two independent molecules of EAOC(CHs)3} (PPh)] (reprinted with permission from Reff117]; Copyright 2002 ZNaturforsch Muenchen).

crystal studies of Au(l) complexes with phosphine and car- [Au{OOCC(CH)3}(PPh)]. The latter most probably was

boxylate ligands are listed iffable 5 The structures are  caused by packing forces between the large organic groups.

linear and monomeric, except for [Au(OOCgFPPMes3)] The Au-O distances were between 2.205 and 2224

for which a trimeric structure was detected. The largest whereas AuP distances fall in the range 2.108-2.205

deviations of the ©Au—P angle from linearity were (Table § suggesting stronger AtP bond than AuO. The

observed for [AJOOCCH(CH)NHCOGsHs }(PPh)] and monomeric structures favour the future use of phosphine
Au(l) carboxylate complexes in CVD.

Fig. 23. The two independent molecules of triphenylphosphiibgnzyl- Fig. 24. The hydrogen bonds linked the molecules of triphenylphosphine-
L-alaninato)gold(l) (reprinted with permission from REf12]; Copyright (N-benzyli-alaninato)gold(l) into chains (reprinted with permission from
1991 Elsevier). Ref.[112]; Copyright 1991 Elsevier).



Table 4
X-ray crystal structure data for Ag(l) carboxylate complexes with diphosphines
Compounds Type of structure Bond distano‘é]s [ Angles [°] Ref.
Ag—P Ag—0O Ag—Ag P—Ag—P  O—Ag—P O—Ag—0O
[Ag4(n-OOCCH—0,0')2(p-- Centrosymmetric  2.390(4); 2.363(4) 2.485(10); 2.397(11); 1516(3); 121.3(3); 115.8(3); 153.8(3) H4); 90.0(4); [102]
OOCCH—0),(j- tetranuclear 2.265(11); 2.232(11)
dppmp]-2H,0
[Ag2(n?-O0CCH), (- Dinuclear 2.473(3); 2.437(3) 2.611(3); 2.547(7) 3.194(2) 146.1(1)  .2(2] 106.7(2); 82.2(2); 102.5(2) 502) [102]
dppm}]-2CHCkL
[Ag4(p2-OOCGFs5-O)o(a- Centrosymmetric ~ 2.3612(8); 2.3498(8) 2.356(2); 2.356(2);  3.8021(6); 130388(5); 138.16(5); 127.94(5); 140.53(6) .8Q(7); 80.73(8); 76.52(7); 83.14(8) [41]
OOCGF5-0,0,0")2(-dppmy]  tetranuclear 2.485(2); 2.308(6); 3.0415(7);
2.336(2); 2.840(2) 3.9412(7);
5.9251(7)
[Ag2(OOCGsFs)2(pn-dppmp] Centrosymmetric 2.429(1); 2.438(1); 2.328(3) 3.080(1) 149.2(1) 10#1); 100.3(1) [104]
dinuclear 2.438(1)
[Ag2(p-OOCGsHs)2(je-dppf)] Dinuclear 2.340(4); 2.364(5) 2.219(9); 2.182(9);  3.346(4) 150(2); 152.3(2); 107.8(3); 98.1(2) 101(4); 106.7(3) [101]
2.400(1); 2.477(8)
[Ag4(OOCCH;)4(dppf)] Tetranuclear 2.365(2); 2.344(2) 2.298(5); 2.376(5);  3.104(1) 123(1); 126.5(2); 114.5(1); 98.1(2) 1@§2); 114.1(2); 51.2(2); [101]
2.667(5); 2.268(2);
2.393(5); 2.396(4)
[Ag2(OOCH)(dppfi]-2CH,Cl,  Dinuclear 2.523(5); 2.496(5); 2.65(2) 109.3(2);  89.9(3); 103.0(3); 119.8(3) [101]
2.544(5) 115.0(1);
116.4(1);
[Ag2(p-OOCCR),(j-dcpm)] Polymeric 2.354(1) 2.191(3); 2.446(4) 2.8892(9) .B6D); 113.5(1) [95]
Table 5
X-ray crystal structure data for Au(l) carboxylate complexes with phosphines
Compounds Type of structure Bond distano?&]s [ Angles [°] Ref.
Au—P Au—O O—Au—P
[Au(OOCCR)(PPh)] Monomeric 2.208(4) 2.107(8) 176.9(3) [115]
[Au(OOCCR)(PMe3)] Trimeric 2.204(5); 2.217(5); 2.214(5) 2.057(14); 2.09(2); 2.08(2) 177.0(5); 168.9(5); 178.9(B)16]
[Au(OOCCHCbL)(PPH)] Monomeric 2.210(3) 2.049(9) 176.9(2) [114]
[Au{OOCC(CH)3}(PPh)] Monomeric (unit contains two independent monomers) 2.217(1); 2.214(1) 2.052(3); 2.0500(3) 173.03(9); 171.82(9) [117]
[Au(OOCGFs){P{tol)3}] Monomeric 2.204(1) 2.069(4) 178.7(1) [117]
[Au{OOCCH(CH;)NHCOGsHs }(PPh) Monomeric (unit contains two independent monomers) 2.223(5) 2.069(13); 2.070(12) 177.9(4); 172.0(4) [112]
[Au(OOCCH;)(PPHy)] Monomeric 2.207(3) 2.063(6) 177.3(2) [118]
[Au{OOCCHNHCOGsHs }(PPhs) Monomeric 2.212(2) 2.077(5) 174.6(1) [111]
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Fig. 25. Molecular structure of (trimethylphosphine)gold(l) trifluoroacetate (reprinted with permission frofil F&3f Copyright 1999 RSC).

5. Copper(D), silver(I) and gold(I) carboxylate The most important CVD precursor parameters such as
derivatives as a potential chemical vapour deposition volatility (expressed as pressure) and deposition temperature
precursors for thin metallic films are lower in the case of copper(l) complexes than silver(l)

(Table §. This can be connected with the stronger stabi-

Compounds used in CVD processes should have the fol-lization of Ag(l) than Cu(l) withm-donor ligands (VTMS,
lowing requirements: (a) high volatility, (b) volatile metal VTES). Having an even greater impact on deposition tem-
containing species should be stable during transport in the gagperature is trimethylphosphine (stromgdonor, weakm-
phase, (c) suitable decomposition parameters. Fluorinatedacceptor), which more effectively stabilizes softer Ag(l)
and non-fluorinated metdd-diketonates of (Cu(l), Cu(ll),  than Cu(l). FromTable 6it is evident, that silver deposi-
Ag(l), and Au(l)) stabilized by Lewis-base (L), have usually tion temperature decreases in the following order [Ag(hfac)
been used as CVD precursfts2,14—-23,120-122Felected (PMe3)] > [Ag(hfac)(VTES)] > [Ag(hfac)(BTMSA)] caused
[M ) (B-diketonate)L] complexes parameters appliedin CVD by the differences irr-donor, w-acceptor properties of the
of metallic layers are listed ifiable 6 secondary ligands (PMeVTES, and BTMSA). Ther-donor

Fig. 26. Chain formation of the trimers of [Au(OOC&PMes3)] (reprinted with permission from Ref116]; Copyright 1999 RSC).
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Table 6

Coordination compounds used as CVD precursors of thin Cu, Ag, Au films

Precursors Substrate Deposition temperaligr§° C] Pressure [Torr] Carrier gas Ref.

Cu(l)
[Cu(hfac)] Si/SiIQ [14]
[Cu(acen)] SiISiQ [14]
[Cu(hfac)(PMe)] Pt/W/SIO, 150-300 0.01 No [18]
[Cu(tfac)(PMe&)] PY/WI/SIO, 100-150 0.01 No [18]
[Cu(acac)(PMg)] PYW/SIO, <80 0.01 No [18]
[Cu(hfac)(VTMS)] SilSiQ 100-150 no /N [19]
[Cu(hfac)(CO)] Si/SiQ [14]
[Cu(tris(pyrazol)borates] Glass 370-390 1.00 2 N [20]

Cu(ll)
[Cu(acac)] Quartz/Si/MgO/Al 145-170 21 He/H [21]
[Cu(dpm}] Quartz/Si/MgO/Al 135-155 21 He/H [21]
[Cu(tfac)] Quartz/Si/MgO/Al 85-110 21 Heli [21]
[Cu(hfac)] Quartz/Si/MgO/Al 50-60 21 He/H [21]
[Cu(OCHMeCHNMe,),] Si/SiOo, 230-350 4.4 1073 N> [22]
[Cu(OCHMeCHNEL)2] Si/Si0y 230-350 4.4¢ 1073 N2 [17]

Ag(h)
[Ag(acac)] SilSiQ 200-250 H [23]
[Ag(hfac)(PMe)] Glass, Si, Cu 250-450 0.05 No [120]
[Ag(hfac)(PES)] Glass, Si, Cu 250-350 0.05 No [20]
[Ag(fod)(PMe3)] Glass, Si, Cu 230-300 0.10 H [20]
[Ag(fod)(PE®)] Glass, Si, Cu 230-260 0.10 oH [20]
[Ag(hfac)(VTES)] Si/SiQ 160-280 0.10 No [120]
[Ag(hfac)(BTMSA)] SilSi 150-250 0.10 No [16]
[Ag(hfac)(tmeda)] Glasss 300-450 oM [121]

Au(l)
[Au(hfac)(Me)] GaAs/SiQ 160-320 1.50/30.00/100.00 oH [2]
[Au(tfac)(Me),] Si/Sio, 200-300 10° Ho [1,122]
[Au(acac)(Me}] Si/SiOy 200-300 10° Hz [1,122]
[Au(OSiMes)(Me)]2 Si/SiG, 135 [1]

properties of VTES and BTMSA cause weaker stabiliza-  The deposition of pure thin metal films from these
tion of the Ag-O bonds and reduce the deposition temper- compounds arises from a thermally induced disproportion-
ature. The Au(lll) organometallic compounds are the most ation process, which in the case of [pAfliketonate)L]
volatile species listed ifable § but the methyl group forms (M =Cu(l), Ag(l)) complexes can be expressed as follows:
a covalent Aue-C bond, whose nature is different from the [1,15,18,20,106]

ligands discussed above. However, their stability is com-
parable to silver(l) due to the effectiveness ®fAu—C
bonds.

Structural parameters also have an impact on the stabil-
ity of the precursors and their application in CVD meth-
ods. Clearly, a lack of intermolecular interactions has a
significant impact on volatility, which is evident in the
case of copper(l) and silver(IB-diketonate precursors
listed in Table 6 [18-20] Distortion of the coordina-
tion geometry may also influence the volatility. This may
be observed in the X-ray structure of [Ag(hfac)(PMe
(Fig. 27) where distortion of the trigonal planarity of Ag(l)
is evident[106]. This distortion alternates the bond dis-
tances and angles (A€ =2.311(3)-2. 326(4§ Ag—-O1=
2.268(8)—2.292(8%, Ag—02 =2.297(8)-2.309(8), O-Ag
—P=131.5(2)-147.7(2) O1-Ag—02=280.0(3)-80.7(3).
Aside from different Ag-O distances, the angles are also
far awa_y from the plana_r_120and this may cause reduction Fig. 27. View of the molecular structure of [Ag(hfac)(PME(reprinted
of Ag-ligand bond stability. with permission from Ref106]; Copyright 1995 ACS).
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Table 7

Copper(l), silver(l), and gold(l) carboxylate complexes used as CVD precursors of thin metallic films

Precursors Method Substrate Deposition Pressure [mbar] Carrier gas Detected Ref.

temperature impurities
Tp [°C]

Cu(l)
[Cuz(oxalate)Ly] [69]

Ag(l)
[Ag(OOCMe)] CVD, LICVD  Glass 380 No No No [1,11]
[Ag(OOC'Bu)] CvD Si/MgoO 250-510 0.01 Ar C,0 [17]
[Ag(OOCCR)] CVD, LICVD  No data 600 No data b No [1]
[Ag(OOCGFs)] CvD Si/Glass 270-350 4 Ar C,0 [125]
[Ag(OOCGFs)(PMe3)] CvD Si/Glass 210-290 4 Ar C,0 [125]
[Ag(OOCGF7)(PMe3)] CVD SilGlass 190-220 4 Ar C,O,F, P [108]
[Ag(OOCGsF17)(PMes)] CvD Si/Glass 190-220 4 Ar C,O,F [108]
[Ag{OOCC(CH)3}(PMes)] CVD Si 180-200 2-4 Ar c,0 [126]
[Ag{OOCC(CH)3}(PEB)] CVvD Si 180-200 2-4 Ar C,0 [126]
[Ag{OOCC(CH)3}(P"Buz)] CcVvD SilLaAlO;  >540 10 N [17]
[Ag{OOCC(CH)3}(PMes)7] AACVD Glass 310 1000 Y C,P [94]
[Ag{OOCC(CH)3}(PPhy)2] AACVD Glass 310 1000 [ C [94]
[Ag(OOCC4H7)(PPh)2] AACVD Glass 300 1000 Y C,0 [87]
[Ag(OOC(Me)G=C(H)Me)(PPh);]  AACVD Glass 200-348 1000 N C,0,P [87]
[Ag(OOCGH,Ph)(PPh)2] AACVD Glass 200-398 1000 N C,0 [87]
[Ag(OOCCR)(P"Bus)z] CVvD SiO, 300-350 1-50 N No data [127,128]

Au(l)
[Au(OOCG;F7)(PES)] CvD Si/Glass 260-290 4 Ar C,O,F [108]
[Au(OOCGF15)(PMes)] CVvD Si/Glass 260-290 4 Ar C,O,F [108]

2[Cu(')(B-diketonate)L] tion, forming in the gas phase, copper containing fragments

0 0 g [Cu(OOCR)T, [Cip(OOCRY]*, [Cip(OOCR)(OOC). In

— Cu"+[Cu™ (B-diketonate)] + 2L @) the case of the unsaturated carboxylates, which are ther-

These precursors have low thermal stability and are air angMally unstable and deC(?mpose during sublimation, the
moisture sensitive which is a problem for their use in CvD, °rd9anometallic fragments: CyRCLeR;, CeR and cop-

In spite of that, classical vapourization methods are ineffec- PE(l) carboxylate species: [OOCR)I, [Cu2(OOCRY]*,
tive and the CVD requires special deposition techniques, [CU2(COCR)(R)I') were detected. Ogura and Fernando sug-
e.g. low-pressuré106], pulsed-lasef122] photo-assisted gested that dimeric copper(l) patterns, transported in the gas

decompositiorf123] or a special precursor delivery systems Phase, can form four types of structuregy 28, which can
[120,124] be identified by gas-phase IR spectroscf9].

The relatively low volatility and thermal stability of sil-

The advantages of metal carboxylate derivatives @ver ) N
ever(I) acetate and trifluoroacetdfie80] requires, for conven-

diketonates, appears to be: simpler synthesis, lower moisture’ i
sensitivity, and sufficient thermal stability. Silver(l) carboxy- tional CVD methods, heating between 250 and 8D@&nd

lates and their complexes with tertiary phosphines were suc-Pressure 0.10-0.01 mbar. However, pure silver films (100%
cessfully used in CVD methods and results are listed in A9: 0% C) were deposited from silver(l) acetate and triflu-
Table 7 o

The structural parameters of complexes listed in
Tables 1-fwill now be discussed with relation to their appli- R"/<

P==m
cations in CVD methods. O—N—M—0Q R/éo/ |/ OVR
—r Vg

5.1. Metal carboxylate as potential CVD precursors o
i

2.
The air and moisture instability of copper(l) and gold(l) o o ° o

carboxylates makes them less useful in CVD experiments, ."’\M/'\.. R <{'\M i }R

however, volatility studies of these compounds have been R4</,\|,|\>7 ® Ny N

reported[29]. For example, copper(l) formate and acetate © °©

were readily sublimed between 160 and $80in vacuo

[48,49} Mass spectrometry studies of [Cu(OOCR)] (R=H, Fig. 28. The possible dimeric structures for the Cu(l) carboxylates trans-

Me, BU, CF3, CoH3, C3Hs, Ph)[129] showed that aliphatic ported in vapours (reprinted with permission from R@R9]; Copyright
carboxylates were stable and sublimed without decomposi-1973 ACS).

3. 4.
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Fig. 29. Scanning electron micrographs of silver films deposited from [Ag(O®P§)Tat (a) 7p =290°C, XPS—79.8 Ag, 6.2% C [at.%], ()b =300°C,
XPS—78.4 Ag, 8.6% C [at.%}ipr wall CVD, Ty =180°C, Ar, p=4 mbar) (reprinted with permission from RgE25]; Copyright 2001 VCH/Wiley).

oroacetate using the laser-induced CVD (LICVD) method bility depends on the length of aliphatic chain, t&,+1 or
[1]. The trifluoroacetate was heated to°&X) until the con- C.F2.+1), or the presence of hydrocarbon groups with quater-
centration of volatile silver species was sufficient, then, the nary carbon —C(Me). Only for R = CH/CF3, CoHs/CoFs,
metallic film was deposited by laser-induced pyrolysis. These C3H7, and C(Me}, the volatility of the dinuclear silver
promising CVD results have developed an interestin silver(l) species is suitable for transport in the gas phase. However
carboxylates as a new group of metal precursors. Silver(l) [Ag(OOCR)] (R=GHs and GF7) completely decompose
trimethylacetate requires a relatively high sublimation tem- during the sublimation.
perature (230-510C under 0.01 mbar) and gives a low yield Considering the MS data, the following fragmentation
in the CVD process<£0.2% at temperatures above 547). mechanism has been proposgd,132]
This result can most probably be related to the polymeric
chains in this compound which require a high sublimation 2[Ag(OOCR)I(s) ~ [Ag2(OOCR}](9) (2)
temperaturg17,86] This compound was also examined in
the aerosol-assisted CVD (AACVD) process, but due to the [Ag2(00CR}] (g) — Ag®(s) + AgR (9)
low solubility in organic solvents, the application of this +OOCR (g) + CO2 () 3)
method was troublesome.

Conventional thermal CVD method@dt-wall CVD) has According to this scheme, sublimation of silver carboxy-
also been used for the deposition of thin silver films from lates (Eq.(2)) is followed by thermal decomposition (Eq.
[Ag(OOCR)] (R=GHs, CyFs, C3F7), though promising (3)) [17]. Results for [Ag(OOCEFs)] revealed that while

results were obtained only for [Ag(OOGEs)] [125,132] the thermal stability of these volatile dinuclear silver species
Metallic layers Fig. 29 were deposited at 29, in Ar may be suitable for their transport in the gas phase, another
atmosphere, pressure: 4mbar, on Si(111) and glass subdecomposition mechanism may occur (&) [127]:

strates.

The volatility of selected Ag(l) carboxylates, and the sta- 2[Ag(OOCGFs)] — 2Ag + CaF10+2C0, ()

bility of silver containing species transported in vapours Variable temperature IR studies were carried out over a heated
were studied using MS and variable temperature IR meth- precursor surface with silver(l) pentafluoropropionate. The
0ds [17,86,131,132] As with the Cu(l) carboxylates, the IR spectra showed the formation of species containing coor-
principal main signals were attributed to [{@OCR)T, dinated carboxylate groups between 200 and°Z7{132].
[Ag2(OOCR)(OOC)T, [Ag2(OOCRY]* (Table §. Their sta- The absorption band from coordinated carboxylate groups

;\rllae:)slz gpectra of selected silver carboxylates [Ag(OOCR)] (including the main dinuclear Ag(l) spp#8lesB2]
R CHg CoHs CsHy CsHu1 C7H1s CoHig CiaHzs C(CHz)3
mlz % mlz % mlz % mlz % mlz % mlz % mlz % mlz %

[Ag2(0.CR)T* 273 128 287 1520 301 424 329 116 357 65 385 29 413 22 315 16.9
[Ag2(0,CR)(Q,C)]* 317 1.1 331 47 345 04 - - - - - - - - - -
[Ag2(0O,CR)]* 332 0.5 360 0.5 388 01 - - - - - - - - - -

CFR CoFs CsF7

mlz % mlz % mlz %
[Ag2(02CR)]* 327 48.2 379 10.0 429 3.9

[Ag2R]* - - 209 34 - _
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Fig. 30. Temperature variable IR spectra of vapours formed during the pyrolysis of [Ag(eF)J<Br, p =10~ mbar, Ar).

(1606 cnTl) was detected in IR spectra of vapours trans- t0 be a more important feature than the type of molecular
ported with a carrier gas, between 220 and ZZ{Fig. 30). structure.

Because the intensity of this band increases with tempera-  The bis-triphenylphosphine Ag(l) carboxylate complexes
ture, the concentration of A@OC fragments in vapour at are monomeric, and based on their similar spectroscopic
higher temperatures was evidently greater. These results wer@roperties [94], similar structures can be proposed for
in good agreement withor-wall CVD experiments, and sug-  trimethyl-, triethyl- and tributylphosphine silver(l) com-
gested that the properties of [Ag(OO€Rz)] are suitable for ~ plexes of general formula ([Ag(OOCRPRs)2], R=Me,

use as a silver precursor. Concluding, one can propose thé’h, R=CsH7, CoHzPh, C(CH)s). The low thermal sta-
presence of silver containing species while being transportedbility of bis-phosphine adducts (monomeric structures)

in the gas phase as presented in B in the gas phase caused, these silver compounds to be
used mainly in the AACVD techniquef©4]. However,

5.2. Cu(l), Ag(l), and Au(l) carboxylate complexes with [Ag(OOCCHR;)(PBuw™)2] also exhibits promising properties

tertiary phosphines as CVD precursors as a Ag precursor in thermally induced CVD meth{i23].

The Ag-P bond distances in monomeric, chain or dimeric

Silver(l) carboxylate complexes with tertiary phosphines structure are longer than the A@ bond distances. This can
have, so far, been more intensively studied as precur-be a reason for the low thermal stability of species trans-
sors for CVD studied than copper(l) and gold(l) analogs ported in the gas phase and necessity of AACVD technique
(Table 3 [17,87,94,108,125-128]Crystallographic data  application, for the monomeric precursors. Bis-phosphine
on (phosphine)silver(l) carboxylates ([Ag(OOGRRs);] monomeric precursors exhibited a higher deposition temper-
(R'=C,F2,+1, C(CHg)s, R=Me, Et, i=1-3), Table 3 ature ('p =300-350C) for metallic films production than
Figs. 9-13 demonstrate that they form at least four types analogous trimethylphosphine and tributylphosphine adducts
of structures. When complexes with diphosphingsb(e 3 (Tp between 210 and 29@, Table 7. To explain the dif-
are considered, even more structural variations are possi-ferences between these precursors, variable temperature MS
ble. Therefore, these structural parameters may have sig-studies of the latter have been carried [i&7]. Analysis of
nificant impact on the CVD parameters in contrast to spectra recorded in the range 120-220exhibited signals
the [Ag(B-diketonate)(PB)] complexes which are mostly  from phosphine fragmentatiom(z = 202 PBU). In the spec-
monomeric Fig. 27) [106,133] For B-diketonate com-  trum recorded at 230C, silver containing fragments were
plexes, the stabilisation of the coordination sphere seemsnoticed atm/z =309 ([AgPBI]*), 511 ([Ag(PB)2]*), and
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527 ([OAg(PBU)2]* or [Ag(PBU")(OPBW)]). Considering involves dimers forming a chain structure, with three-
these data, the following decomposition mechanism was pro-coordinated silver atoms, bridged by the carboxylate lig-

posed: ands and short silver—silver conta®]. The dimers were
i not detected in complexes with more than one phosphine
[Ag(OOCR)(PBl;;;")Z]lzoiz>O CZPBLB” + [Ag(OOCR)] molecule per metal atom, as for [A@OCCH)2(PBus")4]
[90]. Therefore, the thermal stability of complexes with a
®) chain structure was different from complexes whose struc-

tures do not consists of dimers e.g. (KQOCRR(PR;),] ).
[Ag(OOCR)(PB@")Z]Zﬂc[Ag(PBu;g")n]+*OOCR (6) MS studies of [Ag(OOCC(CH)3)2(PMes)2],, (chain struc-
ture) demonstrate detachment of PMeetween 80 and
where R=CE, CFs5,n=1, 2. 140°C and formation of the solid silver(l) carboxylate
Accordingly, volatile phosphorus by-products, condensed derivatives. In the same temperature range, the decompo-
during the CVD process may be a source of undesired con-sition of [Ag2(OOCC(Ch)3)2(PE&)2]. (liquid, non asso-
taminants of these metallic films. ciated dimers) proceeds with formation of a volatile
There are other reports on the application of Ag(l) silver—phosphine species. The second step of thermal decom-
carboxylate trimethyl- or triethylphosphines in CVD tech- position (160-260C), of both types of complexes, can be
niques, where decomposition process pathways, differentrelated to the detachment of a volatile silver—carboxylate
from those described above, were presefit€d,125,126] species.
Silver layers were deposited at lower temperatures The different stabilities of the silver containing species,
(Tp =190-290C, p=4mbar) for [Ag(OOCR)(PMg)] transported in the gas phase, is the main factor influenc-
(R=CGFs, CsF7, CgFi7), and (@p=180-200C, ing the structure and quality of the deposited layers. Triph-
p=2-4mbar) for [Ag(OOCB)(PR;)] (R'=Me, Et). enylphosphine complexes were also used in CVD exper-
Metallic films were free from phosphorus impurities, but iments [94] but silver layers demonstrated much worse
contaminated with carbon and oxygen, which was evident parameters when compared with trimethylphosphine or tri-
from XPS. The phosphorus contamination was explained ethylphosphine adducts.

by VT-MS studies of [Ag(OOCC(CH)3)(PR;)] (R'=Me, Carbon impurities were detected, by X-ray photo-
Et), recorded between 80 and 2&D. Lines from phos- electron spectroscopy (XPS) and energy-dispersive X-ray
phorus fragments were detected, such as £Mgz; =76, spectroscopy (EDXS) in silver films grown from (phos-

PE& miz=118, and [Ag(PEf)] m/z=225, which were the  phine)silver(l) carboxylates on Si, or glass substrates
main species in the gas phase. The diagrams presented ifiTable 7. Moreover, oxygen and traces of fluorine impuri-
Fig. 31show [Ag(PE$)] m/z =225 (18%), as a predominant ties were detected in some film$aple 7. Trace amounts
fragment, whereas in the case of trimethylphosphine the of phosphorus were found in layers fabricated from
intensity of [Ag(PMe)] m/z=183, was less than 2%. [Ag(OOCC(CHs)3)(PMes)2], [Ag(OOCGCsF7)(PMes)], and
However at higher temperatures (160-260), the main [Ag(OOC(Me)G=C(H)Me)(PPh),], which can be related to
fragment appears to be [A@0>CC(ChHs)3)]") (m/z=317). the stable [AgPR species detected in the gas phase.
When MS data were compared with the X-ray crys- Deposition rates for precursor used in AACVD methods
tal structures of silver(l) carboxylate complexes with varied between 1.4 and 2.6 nmmin [87,94] and were
tertiary phosphineg90,94], the influence of molecular higher than for films fabricated by thermally induced CVD
structure on decomposition pathway becomes evident.from[Ag(OOCGFs)(PMes)] (0.5-0.9 nm min1) [125], and
The species [AgOOCR)(PMes3)2] (R=CyFs5, C(CHg)3) [Ag(OOCC(CH)3)(PRs)], R=Me, Et (1.2-1.7 nm mint)

80 .
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! N, o & m/z=183 ra '\, o m/z=118
60 9’ !‘ & m/z=225
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Fig. 31. The temperature evolution of the selected peaks intensity in MS spectra (El 70 eV)(@@QC(Ch)3)2(PMes)2] (m/z =317 ([Ag(OOCC(CH)3)],
mlz=76 ([PMe], m/z=183 ([Ag(PMe)]), and [Ag(OOCC(CH)3)2(PEg)2] (m/z=317 ([Ag(OOCC(CH)3)], m/z=118 ([PES], m/z=225 ([Ag(PES)])
(reprinted with permission from Ref126]; Copyright 2005 VCH/Wiley).
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Morphology of silver layers deposited from silver(l) carboxylate complexes with tertiary phosphines

Precursor Visual appearances Film morphology Ref.
[Ag(OOCGFs)(PMes)] Thick white film Smooth surface, dense packed grains [125]
[Ag(OOCGF7)(PMes)] Thick white film Rough surface [108]
[Ag(OOCGsF17)(PMe3)] Thick white film Rough surface [108]
[Ag(OOCC(CHs)3)(PMes)] Silver refractive film Rough surface, dense packed grains [126]
[Ag(OOCC(CHs)3)(PES)] Silver refractive film Smooth surface, dense packed grains [126]
[Ag(OOCC(CHs)3)(PMes)7] Thick whitish film, grey partially Dense matt crystals [90]
[Ag(OOCC(CHs)3)(PPH)2] Silver refractive film, partially transparent Very smooth film [90]
[Ag(OOCC4H7)(PPh)2] Transparent silver refractive film Smooth surface [87]
[Ag(OOC(Me)G=C(H)Me)(PPh)2] Thin yellow film on glass, silver on the top of the plate Uneven surface [87]
[Ag(OOCGH,Ph)(PPh),] Transparent thin brown film - [87]
[Ag(OOCCR;)(PBU'3),] Thin, matt grey film Rough surface [127,128]
[126]. Morphology studies (SEM-scanning electron there is no distinct relationship between the decarboxyla-

microscopy) of films deposited from (phosphine)silver(l)
carboxylates using CVD and AACVD are listedTable 9

There appears to be no significant impact of the
precursor crystal structure and silver films morphology.
However, the differences between films deposited from
perfluorinated and aliphatic carboxylates complexes, e.g.
[Ag(OOCGFs)(PMez)] and [Ag(OOCC(CH)s)(PMes)],
can be noted. The surfaces of silver films deposited from
[Ag(OOCC2F5)(PMe)] were clear and smoother than those
fabricated from [Ag(OOCC(Ck)3)(PMes)] (Fig. 32. This
effect may be explained the influence of carboxylate ligand
on volatility and deposition precursor parameters.

Gold(l) alkyl phosphine complexes are good precursors
for the CVD of gold, however their low deposition rates are
a significant disadvantag&34]. Gold(l) alkyloxyphosphine

tion onset temperature and the length of the perfluorinated
chain[44-46] When the decarboxylation onset temperature
is related to the type of phosphine, the following order is
evident: PMg < PEg < PPh. Because the first stage is con-
nected with breaking of the AtD bond and detachment of
carboxylate, the electronic and steric properties of the tertiary
phosphines should have a noticeable impact on the thermal
stability of these complexes. Stronger stabilization of the
Au—0 bonds arises from the presence of strongeacceptor
ligands such as PBhA hard base, such as oxygen in perflu-
orinated carboxylates, when linked with soft acid—gold(l),
results in an excellent leaving group and minimum con-
tamination in the metal layers. The lowest temperature of
gold formation was found for [Au(OOC5)(PMe3)] and
[Au(OOCGCsF7)(PEg)] (220°C), while the highest was for

compounds also exhibited excellent properties as precursordAu(OOCGCsFsCHp)(PPH)] (600°C [44-46). Analysis of

(Table § [135]. Gold(l) carboxylate complexes with tertiary

phosphines demonstrate similar type of structures as dis-

TG data suggests that the thermal stability of the selected
gold(l) complexes can be acceptablefor-wall CVD exper-

cussed above for Ag(l) compounds, hence one may expectimentg108]. The results obtained for [Au(OOGE7)(PEg)]

that these compounds can be promising precursors in CVD.

The thermal decomposition of these gold complexes pro-

and [Au(OOCGFi5)(PMes)] are in favour of the above
assumption, because dense metallic lay€ig.(33 were

ceeds in a two stages process, which can be separated gproduced between 260 and 290 (p = 4 mbar), on Si(1 1 1),

coincide with each other, resulting in formation of metal-
lic gold. For the majority of complexes, the first process

glass, and glass fibre substraf#g8].
When considering the application of copper(l) carboxylate

appeared to be decarboxylation, which started between 140complexes with tertiary phosphines as CVD precursors the

and 160°C, depending on the carboxylajé4]. However,

WD=21mm  Signal A=SE1 Dale |15 Feb 2002
EHT = 20 70 KV Phota No - 51 Time 12:30.81

Mag = 1111KX

main obstacle appeared to be their air and moisture sensitiv-

Map=2004 KX WD=15mm Signal A=SF1 EHT = 2000kV

Fig. 32. Scanning electron micrographs of silver films deposited from (a) [Ag(QB§PMe;)] at Tp =250°C and (b) [Ag(OOCC(CH)3)(PMes)]

Tp =190°C, (ot wall CVD, Ty = 180°C, Ar, p =4 mbar).
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0 0

Fig. 33. Scanning tunneling electrochemical micrographs of gold film on
Si(11 1) deposited from [Au(OOCE15)(PMe3)], atTp = 210°C (reprinted
with permission from Ref{108]; Copyright 2000 VCH/Wiley).

ity. Thermal analyses, MS and temperature variabl@®
indicates that [Cu(OOCR)(POMp] (R = CFs, CyFs5, C3F7,
CsF13, C7F15, CgF1s, CgF19) can be useful in the prepara-
tion of Cu or CyO layers. However, the results of CVD
experiments were negative. Kohler et al. reported interest-
ing results for the thermal behaviour of dicopper(l) oxalate
complexes [69] [Cup(oxalate)ly], L=MezSiC=CSiMe;s,
Me3SiC=CSiBu3, Et,C=CEf, H,C=C(H)SiMe;, which

A. Grodzicki et al. / Coordination Chemistry Reviews 249 (2005) 2232-2258

The air and moisture instability of copper(l) and gold(l)
carboxylates makes them less useful in CVD experiments,
however. MS studies showed that aliphatic carboxylates
were stable and sublime without decomposition, form-
ing silver or copper containing fragments: {OOCR)T,
[M2(OOCR)]*, [M2(OOCR)(OOC)T in the gas phase.
Their stability depends on the length of the aliphatic chain
(CiH2.+1 0r C,F2,.41), Or the presence of hydrocarbon groups
with quaternary carbon—C(Mg)In the case of the unsatu-
rated carboxylates, which are thermally unstable and decom-
pose during sublimation, organometallic fragments: guR
CwR2, CwR were detected.

In conclusion, the presence of stable, volatile metallated
species is essential for the effective transport and metal layer
formation in CVD. Morphology studies exhibited the for-
mation of dense Ag films with the grain size between 50
and 100 nm. By varying the stability of the metal containing
species, transported in the gas phase, one may influence the
structure and quality of the deposited layers.
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Appendix A. Abbreviations

AACVD Aerosol-assisted chemical vapour deposition
acac Acetylacetonato

acen 4,4(1.2-Ethanediyldinitrilo)bis(2-pentadionato)
BTMSA Bis(trimethylsilyl)acetylene

Cross polarization total sideband suppression B

dral geometry. Bidentately-linked carboxylates resulted in ¢y
dimeric structures, with metal ions in trigonal geometry. CcvD
In the case of complexes with alkylphosphite fRe, Et, dcpm
Bu) the dimeric structure was broken apart in the solu- dp”}‘(
tion. Silver(l) and gold(l) complexes of general formula dEEm
[M(OOCR)(PR))], where R=CH, C(CHg)3, CoFs, CoHs, dppe
(CH3)3SiCHp, C3H7, C3F7, (CH3)3SICoH4, C4Hg, CgF13, Et
C7F15, CgF17, CoF19, CeFs, CeH2(CHg)z, R'=Me, Et, Ph, et
n=1, 2 were characterized by spectroscopic methods. Spec—fc’d
troscopic analysis suggests bidentate carboxylates, forminghfzC
bridges between silver(l) ions or in some cases, adopting a;.gy
chelate mode. Thermal decomposition of Ag(l) complexes LICvD
proceeds in a multistage process. The-@gbond thermal n-Bu
stability depends on the electronic properties of the tertiary Me |
phosphines, rather than the steric factors and changes inﬁ,?
the following sequence: M@ < EgP < PiyP. Decomposition ;. py
depends on the carboxylate, but there is no distinct relation- o-tol
ship between decarboxylation temperature and the length ofPh
the perfluorinated chain. The thermal stability of complexes p-tol
with a chain structure was different from dimeric complexes. L
Gold and silver formation temperatures detected for the com- 5
plexes are acceptable for CVD hot wall experiments. Spec- tmeda
troscopic results suggest Au(l) in linear coordination, with VTES

monodentately bonded tertiary phosphine and carboxylates.Y™$S

Cyclohexyl

Chemical vapour deposition
Bis(dicyclohexylphosphino)methane
2,2,6,6-Tetramethyl-3,5-heptanedionato
1,1-Bis(diphenylphosphino)ferrocene
Bis(diphenylphosphino)methane
Bis(diphenylphosphino)ethane

Ethyl
1,1,1-Tris((diphenylphosphino)ethyl)ethane
2,2-Dimethyl-6,6,7,7,8,8,8-heptafluoro-3,5-octanedionato
Bis-hexafluoroacetylacetonate
1,1,1,5,5,5-Hexafluoroacetylacetonato
iso-Butyl

Laser induced chemical vapour deposition
n-Butyl

Methyl

m-Tolyl

n-Propyl

iso-Propyl

o-Tolyl

Phenyl

p-Tolyl

-Butyl

Tetraflurotoacetylacetonate
Trifluoroacetylacetonate

N, N, N', N'-tetramethylethylenediamine
Vinyltriethylsilane

Vinyltrimethylsilane
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