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Many microelectronic devices require thin films of silver or gold as
wiring layers. We report silver(l) and gold(l) bicyclic amidinate
complexes, wherein the constrained ligand geometry lessens the
propensity for thermal decomposition. These new volatile
compounds provide metallic films of silver and gold during CVD with
hydrogen below 230 °C.

As microelectronic device features shrink and new, three-
dimensional architectures are adopted, the demand grows for
new methods to coat and fill these narrow or enclosed features.
Chemical vapor deposition (CVD) and atomic layer deposition
(ALD) are routinely used in the semiconductor industry for
depositing conformal thin films in features with high aspect
ratios.’ The key to the success of new CVD and ALD processes
is the development of volatile, thermally stable, yet highly
reactive metal precursors.> ¢ Gold and silver are particularly
important contact metals in a variety of circuits.

Even though copper can be deposited from a number of CVD
precursors,’ 14 relatively few gold and silver CVD precursors are
known.?>20 Whereas alkyl-substituted amidinate ligands
stabilize and volatilize many metal CVD and ALD precursors,**
11,21-23 sjlver and gold amidinates with alkyl substituents can be
difficult to prepare and tend to decompose during sublimation
or upon exposure to light,'¥ 24 25 which can limit their
application in vapor deposition. Several aryl-substituted
amidinates of silver(l) and gold(l) are known,?630 but
compounds with aryl substituents rarely have high volatility.
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One common explanation for thermal instability in coinage
metal alkylamidinates is the migration of a B-hydrogen to the
metal, cleaving the metal-nitrogen bond and forming an
unstable metal hydride. Amidinates lacking B-hydrogens and
having cyclic backbones have been employed to suppress this
decomposition pathway.?> 31 32 Barry and coworkers prepared
silver(l) and gold(l) tert-butylimino-2,2-dimethylpyrrolidinates,
combining these strategies and improving thermal stability to
170 °C.%> Silver and gold films can be grown with these single-
source CVD precursors via thermolysis;?> however, the gold
films are carbon-contaminated and poorly conductive (p = 5580
uQ-cm, cf. 2.44 uQ-cm for bulk gold). The tert-butyl group in the
ligand may undergo B-methyl migration to gold, providing an
easily accessed carbon source.

We have recently reported the synthesis of the purpose-
designed, fully B-substituted 5,5-bicyclic amidine ligand 1, and
its copper (1) complex (Scheme 1).32 The lack of B-hydrogens
prevents B-hydride elimination, and the bicyclic system
constrains bond rotations to make B-methyl migration reactions
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Scheme 1. Synthetic routes to complexes 2, 3, and 4.
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unlikely.32 Consistent with this goal, the solution thermal
decomposition rate of 2,32 a dimeric copper(l) complex of 1, is
10x slower than that of a previously reported*! acyclic copper(l)
amidinate. Encouraged by this result, we investigated the ability
of bicyclic 1 to form volatile gold and silver CVD compounds.
Herein we report the synthesis of volatile gold(l) and silver(l)
complexes of 1, and demonstrate their use in CVD of gold and
silver thin films.

The synthesis of the gold(l) complex 3 is analogous to the
synthesis of the copper(l) complex 2 (Scheme 1).32 Although
AuCl can be used to prepare 3, its more soluble dimethylsulfide
adduct, AuCl(SMe,),?3 provides improved yields. Treatment of a
THF solution of 1 with KHMDS, followed by transmetalation
with AuCl(SMe,), affords the gold(l) amidinate complex 3.
During the reaction, the suspension turns purple, indicating the
formation of Au® nanoparticles as a side product. Filtration of
the purple suspension gives a clear solution, which affords
white 3 in 60% yield upon concentration, and 3 may be further
purified by recrystallization from CH,Cl, or by sublimation at
170 °C and 30 mTorr. Compound 3 is poorly soluble in THF,
requiring large amounts of THF to ensure all product dissolves
during filtration. Importantly, 3 does not decompose for several
weeks in air, and therefore the purification steps can be carried
out in air without loss of yield.

The *H NMR spectrum of 3 is similar to that of 2 (Figure S1-
3). Asin 2, splitting of the methyl groups appears to indicate the
presence of two diastereomers.

Single-crystal X-ray diffraction confirmed that the gold(l)
complex 3 possesses the same solid-state dimeric structure as
the copper(l) complex 2 (Figure 1a and Tables S1,2,4,6). Gold(l)
amidinates and guanidinates typically adopt dimeric?4 30 34 or
tetrameric structures,3>-38 depending on the steric demand of
the ligand. One of these tetramers is a gold(l) complex of 1,4,6-
triazabicyclo[3.3.0]oct-4-ene,3> the non-methylated guanidine
analogue of 1, suggesting that in 3 the four methyl groups per
ligand may contribute to the preference for a dimeric structure.

The gold atoms and the amidinate N-C-N cores form a single
plane, with symmetric Au-N distances of 2.013(3) A that fall on
the short end of typical gold(l) amidinates.?4 30.34-39 The Au---Au
distance of 2.855(1) A is long for a digold(l) amidinate, in which
this distance is typically 2.644(2)-2.711(3) A.24 30.34,39 The ring-

Fig 1. a) Solid-state structure of 3 with 50% probability thermal ellipsoids;
hydrogen atoms are omitted for clarity. Selected distances (A) and angles (°): Au—
N 2.013(3), Au(1)---Au(1A) 2.855(1); N(1)-Au(1)-N(2) 167.4(1). b) Gold(l)-methy!
interactions between two neighboring molecules. Metrics are given in Table S6.
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constrained N-C-N angle is also larger than usual, at 131.9(2)°
(cf. 121.8(5)-128.6(5)° in gold(l) amidinates).24 30,34-39

Interestingly, molecules of 3 pack face-to-edge (Figures 1b,
S7 and Table S6), with three neighboring methyl groups pointing
at each planar face of the molecule. A recent review of Au-:-H-C
interactions describes as hydrogen bonding Au'---H-C distances
Au'--H<3 Aand Au---C<4 A, preferably with the Au'---H-C angle
approaching 180°.4° Two of the three methyl groups meet this
definition, and the third is just 0.2 A longer. Thus, each molecule
has two or three weak gold(l)-methyl contacts on each face,
which may stabilize the solid-state packing of 3.

Synthesis of the silver(l) analogue 4 presented more
challenges than the gold and copper counterparts. Despite
previous efforts often employing AgCl to synthesize silver
amidinate compounds,’’> 2> the reaction of AgCl with the
deprotonated form of 1 was incomplete after several days of
stirring, likely owing to the low solubility of AgCl.

After some screening, AgOAc was selected as the silver(l)
source since it has higher solubility in organic solvents.
Treatment of a solution of 1 in diethyl ether with KHMDS,
followed by transmetalation with AgOAc, gave the silver(l)
complex 4. Filtration of the brown suspension, presumably
colored by some Ag®nanoparticles, gave a clear brown solution.
Compound 4 was obtained as white solids in 45% yield upon
concentration of this liquor. Similar to 3, the silver(l) amidinate
4 is stable in air for several weeks.

The 'H NMR spectrum of 4 contains many more peaks than
the spectrum of 2 or 3 (Figure S4-5). Microanalysis indicated the
correct stoichiometry, though, and the product NMR spectrum
remained unchanged after sublimation at 160 °C and 30 mTorr.

Consistent with these data, single-crystal X-ray diffraction
revealed compound 4 to be the authentic silver(l) complex, but
having a tetrameric structure (Figure 2a and Tables S1,3,5)
instead of sharing the dimeric structures of 2 and 3. Although
silver(l) amidinates are usually dimersll 26,27, 34,41 or trimers,1:
24 tetrameric amidinates?® and a guanidinate?®? are known.

The tetranuclear silver(l) core of 4 forms a rhombus, with
sides 3.296(2) A and diagonal 3.096(2) A (Ag(1)---Ag(1A)); these
side distances are longer than the distances of 2.807(1)-
2.920(1) A found in related tetramers.?8 42 The ligands bridge
between silver atoms, in an alternating up-down-up-down

Fig 2. a) Solid-state structure of 4 with 50% probability thermal ellipsoids. Hydrogen
atoms and minor disorder component (25 %) are omitted for clarity. Selected
distances (A) and angles (°): Ag(1)-N(1) 2.094(2), Ag(2)-N(2) 2.054(2); N(1)-Ag(1)-
N(1A) 165.5(1), N(2)-Ag(2)-N(2A) 178.0(1). b) View of the asymmetric unit, with
both disorder components shown; closed (black) bonds indicate the major
component (75%), and open (white) bonds indicate the minor component (25%).
The 35% thermal ellipsoids are shown, with hydrogen atoms omitted for clarity.
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fashion around the ring. As in 3, the Ag-N distances in 4,
2.054(2) and 2.094(2) A, are among the shorter distances found
in tetrasilver(l) amidinates, 2.076(4)-2.140(4) A.28 42
Constrained by its 5,5-bicycle, the amidinate N-C-N angle is
unusually large: 131.9(2)°, vs. typical values of 119.0(7)°-
125.6(2)°.11, 24,34, 42

The best structural model of 4 has a disorder component
that refines to represent 25% of the ligands (Figure 2b). This
25% has the conformation with the methine hydrogen pointing
away from the Ag, core. The combination of the tetrameric
structure and multiple stereoisomers presumably gives rise to
the more complicated NMR spectrum of 4.

Thermogravimetric analysis (TGA) was performed in a
nitrogen-filled glovebox to study the thermal stability and
evaporation rate of 2-4 (Figure 3). As reported previously,3? 2
sublimes cleanly under a linear temperature ramp, with 50 %
mass loss at 270 °C and < 0.2 wt. % of residue. In contrast, the
gold(l) compound 3 had two weight loss regions overlapping
each other, with the second starting at around 310 °C. After
heating to 500 °C, ~25 wt. % remained, along with a purple
residue on the TGA pan. Presumably this material is gold
nanoparticles generated by thermolysis of 3, which begins at a
higher temperature than the sublimation onset. More
surprising was the TGA of silver(l) compound 4. Although the
silver compound exists as a tetramer in the solid state, 4 had a
mass loss profile similar to that of 2, except with ca. 12 wt. %
residue. It is hypothesized that the tetrameric silver(l)
compound may rearrange to a dimer upon heating, resulting in
evaporation kinetics in line with dimeric 2 and 3 (Figure S6).

CVD precursors should sublime without decomposition in
the CVD sublimation chamber. Clear evidence of degradation in
the ramp TGA curves made it difficult to judge whether there
would be sublimation-only regions for 3 and 4. Therefore, we
conducted isothermal TGA experiments at temperatures
between 180 and 240 °C. The resulting evaporation rates were
plotted on a log-reciprocal plot, Figure 3b; linearity on this plot
confirms a single mass-loss mechanism in the studied
temperature range. Making the wusual assumption about
constant surface area, effective enthalpies of sublimation can
be extracted from these plots. Compound 2 has an enthalpy of
sublimation of 109 kJ/mol, as reported earlier;32 complexes 3
and 4 have sublimation enthalpies of 140 and 122 kJ/mol,
respectively. Especially given that metal-nitrogen bond lengths
are typically shorter in gold(l) than in silver(l) complexes of the
same amidinate ligand,% 24 26, 30, 34, 35, 33, 42 gn(d therefore the
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Fig 3. a) Ramp TGA of compounds 2, 3, and 4. A linear ramp of 10 °C/min was used,
with a sample mass of ca. 10 mg. b) Arrhenius plot of stepped-isothermal TGA. Each
temperature was held for 11 min. The temperature is plotted in reciprocal scale.
Data for 2 adapted from Ref 30.
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Fig 4. Film characterization; SEM images of a) a gold film, and b) a silver film. XPS
survey scans of the optimal film at the deepest etching level for c) gold and d) silver.

gold molecules are smaller, it is tempting to propose that the
gold(l)-methyl interactions described above contribute to the
higher sublimation enthalpy of 3 compared with 4.

With new, sublimable silver(l) and gold(l) compounds in
hand, we sought to evaluate their suitability as CVD precursors.
Silver and gold metal films were deposited in a custom-built
CVD system (Scheme S1), using precursor vapor carried by
nitrogen or argon and molecular hydrogen as the reductant.
During the deposition process, the vaporized precursor was
carried with a constant flow of 100 sccm of inert gas, and then
mixed with purified hydrogen gas before reaching the
preheated reaction chamber. The temperature of the precursor
was maintained at various values from 160 to 180 °C for both
silver and gold depositions. Substrate temperatures of 200-230
°C were explored for both silver and gold depositions.

Figure 4a,b shows the cross-sectional and plan-view
scanning electron micrographs of gold and silver films deposited
from 3 and 4 in the presence of H,. Small crystalline grains were
observed in both gold and silver films. Film thickness was
measured in the cross-sectional images, and the effective
growth rate extracted using the CVD reaction time (Table S7,8).

Film composition and purity were determined using X-ray
photoelectron spectroscopy (XPS). Survey scans of gold and
silver films are shown in Figure 4c,d; gold and silver are the
primary components. Fine scans of the Cls region (Figure S8),
reveal 5.9 at. % and 6.6 at. % of carbon in gold and silver films,
respectively. No oxygen peaks can be detected in XPS fine scans.
Our conditions deposit gold and silver films of good purity.

Gold and silver films both displayed a mirror-like finish
(Figure S9a). A positive linear relation was observed between
the precursor reservoir temperature and the CVD growth rate
for both metals (Figure S9b), presumably resulting from higher
evaporation rates providing greater precursor flux. The data
show a higher growth rate for silver than for gold at a given
reservoir temperature, consistent with the higher enthalpy of
sublimation of 3. Given the low, flux-limited growth rates (<
0.26 nm/min), the growth may depend on reactor geometry,
and these precursors might benefit from direct liquid

Dalton Trans., 2019, 00, 1-3 | 3
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evaporation. Alternatively, ligand modifications to reduce solid-
state intermolecular interactions might be beneficial.

No gold film was obtained without hydrogen gas as a co-
reactant, confirming that the pure gold films were produced by
hydrogen reduction of 3 instead of thermal decomposition. For
the silver precursor 4, films were obtained even in the absence
of molecular hydrogen due to parasitic thermal decomposition
of the silver precursor at 230 °C. However, this silver film was
~40 at. % carbon by XPS and was not electrically conductive.

Electrical resistivity was measured for both gold and silver
films using a four-point probe and a Hall effect measurement
system. In the case of gold films, a variety of deposition
conditions provided low resistivities, in the range of 22.2-25.1
uQ-cm (Table S7); these values are within one order magnitude
of bulk gold (2.44 pQ-cm). The resistivity of silver films ranged
from 19.2 uQ-cm to 220 pQ-cm (Table S8). The purest silver film
has the lowest resistivity, 19.2 uQ-cm, also near an order of
magnitude over bulk silver (1.59 pQ-cm); different carbon
impurity levels may drive resistivity differences between CVD
conditions.

In summary, volatile homoleptic gold(l) and silver(l)
amidinates were synthesized by reactions of metal(l) sources
with alkali metal amidinates. The tetrameric silver complex 4 is
believed to rearrange into a dimer similar to the gold complex 3
upon heating. Both 3 and 4 show remarkable stability to air,
light, and heat while retaining reactivity with molecular
hydrogen. Metallic gold and silver films were obtained by CVD
with hydrogen. Films with good purity and conductivity could be
obtained at substrate temperatures below 230 °C. Our work
illustrates the power of bicyclic amidinate ligands to support
reactive and volatile transition metal compounds with
enhanced thermal stability relative to previous state-of-the-art
ligands, opening up the possibility of further advances in the
vapor deposition of challenging-to-deposit metals.
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