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CHAPTER 1: INTRODUCTION

1.1 Miniaturization of Microelectronic Devices

In microelectronics devices, thin film growth is an essential step in manufacturing. The
first transistor was invented at Bell Laboratories on December 23, 1947.! Since then, the transistor
has been identified as a key component of modern electronic devices. In the early days of the
integrated circuits, Moore predicted that the number of transistors in a single device should double
every 18-24 months.? The exponential growth of transistor density in microelectronic architecture
came to be known as “Moore’s Law,” which describes the drive towards smaller, faster, and more
powerful devices. The International Technology Roadmap for Semiconductors (ITRS) predicts
transistor technology is shrinking in feature size to 7 nm in 2018.2 When moving to smaller feature
sizes, the materials layer thicknesses are also getting thinner and aspect ratios are increasing. The
continuing reduction of the feature dimensions and increasing aspect ratios create limitations in
available film deposition techniques and processes. Traditional materials may not maintain optimal
device performance at reduced dimensions, and also traditional film deposition techniques may
not provide the required thickness control in aspect ratio features. These problems can be addressed
by finding high-performance materials and new deposition techniques. Smooth, pinhole free, and
highly pure films are required to enhance the performance and efficiency of current devices.*®

In the microelectronics industry, thin metal films are used as conductors in applications
such as transistor gates, electrodes, and interconnects, while metal nitrides and metal oxides are
used as barriers and high-k dielectrics, respectively. The growth of thin metal films is required in
metal-oxide-semiconductor field-effect transistors (MOSFETS) used in microelectronics devices
(Figure 1). MOSFETSs are fabricated on a silicon substrate and consist of three terminals, named

the source, drain, and gate. Thin silicide films of Ni and Co are used as source and drain contact



materials. The NiSi and CoSi are manufactured by thermal annealing of Ni or Co films deposited
on silicon contacts.”® The gate is made of highly conductive material and is separated from the
semiconductor by a dielectric. The gate dielectric acts as an insulating layer that controls the
current flow between the source and drain of the transistor. Silicon dioxide (SiOy) is traditionally
used as the gate dielectric material in the industry. When the transistor size is reduced, quantum
tunneling effect prevents effective charge separation. In reduced dimensions, SiO, shows poor
device performance due to the increased leakage current. Metal oxides such as rare earth oxides,%-

1 HfO,, ZrO,, and TiO,'? are considered as replacements for SiO».

Gate terminal

Source terminal T Drain terminal
Metal T
Gate oxide
n-type p-type n-type
(substrate)
Metal

Body terminal

Figure 1. Cross-sectional view of MOSFET structure.

Cu plays a key role as the primary interconnect material in the development of
microelectronics due to its low resistivity and better electromigration resistance compared to Al.*3
However, it is difficult to make a continuous Cu layer on the silicon surface. Therefore, seed layer
deposition is a crucial step for Cu metallization. Metal seed layers, including Co, Cr, and Ru, have
been explored.!* Additionally, copper diffuses into Si and SiO; substrates. Therefore, a diffusion

barrier layer is required between copper and the insulating substrate to stop the diffusion of Cu



into the Si substrate. This barrier layer must be unreactive towards both copper and Si and must
show excellent adhesion to both copper and Si. Metal nitride films such as TaN and WNy (x = 0.5-
1) have been studied as advanced barrier materials.'>?° Nevertheless, very thin films (< 5 nm) of
these metal nitride layers do not act as functional Cu diffusion barriers.*32-22 Transition metal thin
films of Mn,?2* Ru,?® Cr, and others have developed as alternative barrier materials.?® A Mn-
containing amorphous oxide (MnSixOy) layer between the SiO> and Cu layers has been prepared
by annealing of Cu-Mn alloy deposited on SiO2 substrates at 450 °C (Figure 2).% This self-forming
MnSixOy layer functioned as a Cu diffusion barrier at 450 °C up to 100 h.2” More recently, Winter
and coworkers developed a low temperature thermal ALD process for Cu/Mn alloy deposition.?
This development leads to the formation of conformal and ultrathin Mn-based Cu diffusion

barriers.

Cuw/Mn alloy film Anneal up to Cu film
450 °C R MnS1,0, layer
T
S1 substrate S1 substrate

Figure 2. Growth of the MnSixOy diffusion barrier.

1.2 Film Deposition Methods

Three main types of vapor deposition techniques are used in the manufacture of current
electronic devices, including physical vapor deposition (PVD), chemical vapor deposition (CVD),
and atomic layer deposition (ALD). Traditional film deposition methods, such as PVD?® and

CVD,**32 are well established and less expensive than ALD. However, when material thicknesses



are reduced in current microelectronics, PVD and CVD do not offer conformal thin films due to
line-of-sight nature and uncontrollable film thicknesses, respectively. Conformality is the ability
to deposit material uniformly in high aspect ratio features (Figure 3(b)). Conformal films offer
equal thickness and compositions inside the 3D features (trenches and vias). PVD and CVD

techniques can not approach the conformality achieved by ALD in high aspect ratio features.>33-%/

(a) (b)

AN~ 7

CVD and PVD methods ALD
Non-conformal growth Conformal
Incomplete fill Uniform thickness

Figure 3. Comparison of film coverage and conformality by (a) CVD, PVD, (b) ALD processes.

1.2.1 Physical VVapor Deposition (PVD)

PVD comprises several vapor deposition techniques, including evaporation, laser ablation-
deposition, vacuum-arc deposition, and sputter deposition. In PVD, surface atoms are removed
from a source material by thermal heating or high energy particle bombardment using electrons,
atoms, or ions in a vacuum and are deposited on the substrate surface.?® In evaporation, the heating
of the material provides sufficient energy for the atoms to enter the vapor phase (Figure 4 (a)).
Evaporation can be categorized into two classes: (1) quasi-equilibrium and (2) non-equilibrium.?°
In quasi-equilibrium, liquid material has an equilibrium with its vapor in a closed heated cell, while
in the non-equilibrium case, liquid material is evaporated into an open vessel. In both cases,

evaporated material is directly transferred to a cooled substrate where the deposition occurs. In



sputtering, energetic particles such as an inert gas ion, neutral atom, molecule, or even photons
impact the target (Figure 4 (b)).2%% The near-surface atoms are dislodged by these collisions and

get sufficient energy to overcome surface binding energies and are emitted from the target.

(a) Substrate (b)
] @

Figure 4. The film deposited by (a) evaporative PVD, (b) sputter PVD.

PVD techniques offer high deposition rates. Due to the simple methodology and low cost
of PVD technologies, they are widely used in manufacturing applications. However, these
techniques are unable to provide conformal, controlled thickness films in high aspect ratio features
due to the intrinsically directional nature of PVD, which limits the number of atoms that can enter
a shaped feature.*37-3 The lower probability of collisions of in-flight atoms with other gas atoms
in evaporative PVD leads to directional and columnar type growth.?° Nevertheless, sputter PVD
occurs at increased gas pressure and allows a non-directional growth. At high pressure due to the
collisions, scatter of in-flight atoms offers sufficient step-coverage in 3D features.?® However,
many PVD processes do not provide conformal coverage in high aspect ratio features (> 10:1) in

advanced microelectronics devices.?



1.2.2 Chemical Vapor Deposition (CVD)

CVD is used to produce most metals, many nonmetallic elements such as carbon, silicon,
as well as their compounds such as carbides, nitrides, and oxides.30-323840-43 |n CVD, gaseous
precursors are introduced to a heated reaction chamber. Inert gases such as nitrogen, argon, or
helium are used as carrier gasses to deliver the precursors to the reaction chamber.3? Precursors
will undergo complex reactions such as oxidation, reduction, and decomposition in the vapor phase
or on the substrate surface to make the film material (Figure 5). In some cases, CVD processes are

more economical than PVD processes and give high deposition rates and thick coatings as well.

- 0
5 ft&h%* o‘*&* 2
; ‘MVQN‘ )
/;} (. fp /u /b ) (s
O

Figure 5. Film growth by CVD.

The CVD precursors must fulfill certain requirements including, volatility, reactivity, and
thermal stability at the desired delivery temperatures to obtain proper film growth.®? Precursors
should be sufficiently volatile to vaporize at relatively low temperatures.®? These precursors must
be adequately reactive on the substrate surface. However, precursors could also react in the vapor

phase, other than reacting only on the substrate. By decreasing the reaction chamber pressure, gas



phase reactions can be minimized. Reaction chambers with low pressures decrease collisions
between gaseous molecules, which reduce gas phase reactions. CVD reactor chambers are
typically heated up to >600 °C, and a major disadvantage is that many substrates are not thermally
stable at these temperatures.*® CVD methods are often inappropriate for conformal coatings of
high aspect ratio features because thermal decomposition of the precursors often results in
nonconformal growth and impurity incorporation to the films.

In the semiconductor industry, PVD- and CVD-based techniques are used to deposit thin
film materials. However, it is challenging to obtain conformal coatings in high aspect ratio features
using these techniques. A deposition technique that can deposit conformal thin films in high aspect
ratio features is required for current microelectronics devices. The ALD technique offers
controlled thicknesses and conformal film growth in high aspect ratio features.

1.2.3 Atomic Layer Deposition (ALD)

ALD was developed by Suntola and Antson in the 1970s, was originally introduced to the
world as atomic layer epitaxy (ALE).** The ALD method was first developed to deposit films in
thin film electroluminescent (TFEL) flat-panel displays.”® ALD has developed as a powerful
technique for many industrial and research applications because of its reproducibility, exceptional
conformality in high aspect ratio features, thickness control at the Angstrom level, and tunable
film compositions.*®33-3746 ALD controls the film thickness and provides conformal film growth
due to its sequential and self-limiting reactions.®3"#¢ Miniaturization of microelectronics devices
has produced high aspect ratio features that need to be coated uniformly. ALD has achieved the
highest conformality in high aspect ratio features. Therefore, ALD is an attractive technique to use

in the microelectronics industry.



In contrast to CVD, gas phase reactions in ALD are eliminated by introducing precursors
separately to the reaction chamber. ALD follows four steps in a growth cycle: (1) metal precursor
is introduced to the substrate surface, (2) reaction chamber is purged with inert gas to remove extra
precursor molecules and reaction byproducts, (3) A gaseous stream of the co-reactant is pulsed
into the reactor and allowed to react with the adsorbed metal precursor, and (4) reaction chamber
is purged with inert gas to remove volatile byproducts. This stepwise process is repeated until the
desired film thickness is obtained.* The deposition of Al,Oz from trimethylaluminum (TMA) and
water process is illustrated in Figure 6. In the first step of the Al,O3 process, TMA reacts with the
Si-OH groups on the surface. Once all of these surface reactive sites are consumed, TMA does not
react further with the surface. This process is called self-limited growth. In the second step, an N>
gas purge removes excess TMA precursor and reaction byproducts from the reaction chamber. The
third step is exposure of the co-reactant (water) to react with the Al-CH3 terminated surface and
form desired film material. Once all of the Al-CHz sites undergo protonolysis with water, water
does not react further with the surface. This reaction is also self-limited. In the fourth step, excess

water and reaction byproducts are removed from the chamber by introducing a purge with N2 gas.
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Figure 6. ALD cycle for the deposition of Al,O3 from TMA and water.

Self-limiting growth behavior of the precursors can be studied by changing the precursor
pulse lengths while keeping all other parameters constant. In ALD, the precursors will react or
adsorb with all of the available reactive sites on the surface. Once all the active sites are saturated,
excess precursors will not participate in further film growth.4633-3747 Therefore, the growth rate is
independent of the precursor pulse length once the minimum saturative precursor dose is

introduced, as shown in Figure 7.
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Figure 7. Plot of growth rate versus precursor pulse length.

Once the saturative doses of precursors are determined, the deposition temperature can be
varied to determine the temperature dependence of the growth process. Most ALD processes show
a constant growth rate over a temperature range in a plot of growth rate versus deposition
temperature. This temperature region is called the “ALD window” (Figure 8).%37:46:4849 At
temperatures below the ALD window, (1) the growth rate can be lower due to insufficient
reactivity between precursor and the growth surface or second precursor with the first precursor,
or (2) the growth rate can be higher due to precursor condensation. At temperatures above the ALD
window, (3) the growth rate can be lower due to thermal desorption of the precursors or loss of
reactive sites, or (4) higher growth rate may result due to CVD-type growth by precursor self-
decomposition. Having a constant growth rate over a broad temperature range is advantageous. In
manufacturing, temperature fluctuations during a process can be tolerated by having a large ALD
window. Therefore, the process is intrinsically stable, repeatable, and easier to control. The wide
ALD window is also essential in coating large areas because constant temperature supply is a

challenge.
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Figure 8. Plot of growth rate versus substrate temperature.

Due to the self-limited growth of ALD, practical advantages such as large area uniformity,
excellent conformality, pinhole free films, low deposition temperatures with suitable precursor
chemistry, and accurate and simple thickness controllability are obtained. Composition control is
another prominent advantage of ALD. Materials such as zinc tin oxide (ZTO),*° SrTiOs,*! and
others®? can be deposited and compositionally controlled by introducing multiple ALD processes
named “supercycles.” However, there are some disadvantages associated with ALD processes. At
low deposition temperatures, poorly crystalline or amorphous films may result. Crystalline films
with a specific phase strongly affect the properties of oxide films.> This crystalline structure often
depends on the temperature. Another drawback is that low growth rates lead to long deposition
times for ALD processes. Nonetheless, ALD is a well-developed technique used in the
semiconductor industry to deposit high-quality thin films even on complex substrates.

Thermal ALD and plasma-enhanced ALD are considered as two different classes of ALD.

In thermal ALD, heat is used to drive the reactions thermodynamically. However, in plasma ALD,
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high energy radicals are used. Plasma sources such as N2, NHz, O2, Hz, and H20 vapor have been
used in meal depositions. Plasma-enhanced ALD is used to deposit many different materials that
are difficult to deposit using thermal ALD.>* Atomic hydrogen generated in plasma Hz is a very
powerful reducing agent, which has been used to deposit difficult metals such as Ta and Ti by
ALD.**%% Ta and Ti have negative electrochemical potentials, and it is a challenge to grow these
metal films by thermal ALD. Usually, highly reactive plasma sources can offer low temperature
depositions and high growth rates in plasma ALD processes. However, due to radical
recombination reactions, reactive species tend to recombine on the walls of high aspect ratio
features, leading to loss of the reducing hydrogen atoms. This loss can lead to non-conformal
growth on the sidewalls and at the bottom of high aspect ratio features.®”>* Plasma ALD can also
result in rough films due to the substrate and growing film being damaged by highly reactive

plasma species. Therefore thermal ALD is preferred over plasma ALD for many applications.

1.3 ALD Precursor Requirements

Precursors play a key role in ALD. ALD precursors should possess sufficient volatility,
thermal stability at the desired deposition temperatures, and high chemical reactivity towards the
second reactant in order to deposit the desired thin film material.**” Generally, ALD precursors
can be solids, liquids, or gases. Among them, liquid precursors are preferred, due to their constant
surface areas, high vapor pressures, and ease of handling. Currently, many available precursors
have limitations such as poor thermal stability, low volatility, and poor reactivity. Therefore, the
design and development of new precursors are essential. ALD is an advanced modification of
CVD. Single metal precursors such as metal carbonyl complexes can be used in CVVD processes.
At high deposition temperatures, carbonyl ligands are easily removed, and metal can be deposited

directly. Due to precursor decomposition, C and O can be incorporated into films. However, in
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ALD, high thermal stability of the precursor is essential to avoid unwanted vapor phase reactions
(CVD-type) through precursor decomposition.

High vapor pressure is an important factor to achieve effective mass transport. A low
melting point is a good property for precursor compounds. Different ligand designs can be used to
tune the melting points of the precursors. Variation of the alkyl groups in ligands can alter the
symmetry of the metal complexes, decrease the lattice energies, thereby altering the melting points.
Metal precursors containing aromatic ligands tend to have low volatility due to m-stacking
interactions. Previous reports have shown that magnesium and calcium S-diketiminate complexes
containing NMe: substituents on the ligand nitrogen atoms sublime at lower temperatures than
analogous complexes containing tert-butyl or isopropyl substituents.’*® The p-diketiminate
ligands are shown in Chart 1. Intermolecular repulsion of the nitrogen lone pairs on NMe>
substituents lowers the lattice energies, thereby increasing the volatilities of the metal precursors.*®

Chart 1. p-diketiminate ligands.
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Thermal stability is a very important parameter to consider when designing precursors for
ALD. To prevent contaminants (C, N, O, and H) incorporation to the films, highly thermally stable
precursors are desired. Precursors must be stable enough during the ALD process to ensure that
precursors can be heated at delivery temperatures for an extended amount of time and self-limited
growth can be obtained over a wide temperature window. Thermally stable precursor design is
based on the steric and electronic structure of the ligand. Generally, anionic ligands afford higher

thermal stability, while neutral donor ligands provide low thermal stabilities since neutral ligand
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loss provides low temperature decomposition pathways. Many metal carbonyl complexes have
sufficient volatility. They are widely used in metal CVD processes because the CO ligands can be
easily removed from the metal center at high temperatures. However, CVD-type growth with metal
carbonyl precursors can destroy the self-limited behavior of the ALD processes. Thermally stable
metal complexes can be designed by avoiding neutral ligands. However, for some metals, neutral
ligands saturate the coordination spheres of the metal centers. In such cases, neutral donor ligands
that can coordinate strongly with the metal centers are desired.

Precursor reactivity is another crucial factor to consider when designing precursors for
ALD. Precursors must show adsorption to substrate surface or reaction with surface reactive sites.
Precursors must also demonstrate high reactivity towards co-reactants to obtain desired film
materials with reasonable growth rates.%’ Difficulty in reducing metal ions to metal(0) state
depends on the electrochemical potential of the metal ion.®> Therefore, metal ions with positive
electrochemical potentials (E° (Cu?* + 2e” <> Cu) = 0.3419 V) show easy reduction into the
metal(0) state. When the electrochemical potential becomes more negative, (E° (Ti?* + 2e” <> Ti)
= -1.630 V) deposition of these metals by ALD is challenging.® Thermal ALD processes of
electropositive metal films are limited due to the lack of reactive co-reagents that can reduce the
metal ion oxidation state in the precursor to the metal(0) state. When the metal precursors show
lower reactivity towards reducing agents, high deposition temperatures or plasma sources should
be used to facilitate the film growth by ALD. High deposition temperatures often lead to the
incorporation of impurities and the formation of rough films. High energy radicals that are used in
plasma-enhanced ALD processes can damage the substrate and participate in radical

recombination reactions, thereby limiting the conformal coatings in high aspect ratio features.
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There is a limited number of chemical precursors available that have high volatility,
thermal stability, and reactivity to use in thermal ALD processes. Still, there are some additional
considerations that are also important in selecting a precursor to use in ALD. Byproducts that are
formed in film depositions must be volatile to avoid contamination of the films. Additionally, to
use in the microelectronics industry, these ALD precursors should be simple to prepare, scalable,
and cost-effective.

The selection of a proper co-reactant is also another important factor in thermal ALD.*533-
3747 In plasma ALD, hydrogen atoms generated by plasma are used as a powerful reducing agent.
The type and the dose of the co-reagent affect the film composition and byproduct formation.
Cobalt oxide films have been deposited by a low temperature thermal ALD process using
Co(®“DAD); (B'DAD = 1,4-di-tert-butyl-1,3-diazabutadienyl) precursor and oxygen co-reagent.®*
However, same Co precursor has been used to deposit cobalt metal films with different reducing
agents such as formic acid or tert-butylamine.®2%® Co-reactants such as hydrazine, boranes, formic
acid, amines, alcohols, and hydrogen plasma are commonly used in metal film depositions.®?%® To
deposit metal nitride films, ammonia and hydrazine have been used as co-reactants,?233353747
Metal oxide films are deposited using co-reactants such as water, oxygen, ozone, hydrogen
peroxide, and oxygen radicals.*:6167-68
1.4 Group 11 Metal ALD Precursors and Processes
1.4.1 Cu Metal

Cu is used as interconnect material in integrated circuits, and it has replaced Al due to its
low resistivity and resistance to electromigration.'® Additionally, Cu has some difficulties to use
as a wiring material. Cu can easily diffuse into Si devices or dielectrics, and also Cu has poor

adhesion on most of the dielectrics. In order to prevent Cu diffusion, effective barrier layers with



16

good adhesion properties were introduced.®® Previously reported Cu precursors are shown in Chart

2.

Cu(acac),

Chart 2. Copper ALD precursors.
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Copper metal deposition has been achieved by indirect and direct ALD processes. Indirect

ALD includes the deposition of CuO, Cuz0, and CusN, followed by the reduction into Cu metal

using co-reagents.*”° Prior deposition step of copper oxides or nitrides is not required in direct

Cu ALD processes. Deposition of copper from CuCl and H; at 360-410 °C,”* CuCl and Zn at 440-

500 °C,”? Cu(hfac), and isopropanol at 300 °C,”® Cuz(sBUNC(CH3)NsBu)4 and H at 150-250 °C,"

and Cu(tmhd). and H2 at 190-260 °C have been reported as direct ALD processes. The precursors

used in these direct Cu ALD processes showed low reactivity towards reducing agents at lower

temperatures. Therefore, higher deposition temperatures were used. In 2009, uniform, conformal,

and high-quality Cu thin films were deposited using Cu(dmap)z and ZnEt,.”® This Cu ALD process

reported an ALD window of 100-120 °C and the films had low resistivities. At the deposition
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temperatures, zinc incorporation was observed. Therefore, this process is not suitable to use in
device manufacturing. In 2010, the low temperature ALD of Cu films was reported using similar
copper precursors with several reducing agents such as AlMez and BEt3.”

In 2011, the Winter group reported a low temperature thermal ALD process using
Cu(dmap),, formic acid, and hydrazine.”” The Cu(dmap). is unreactive toward hydrazine.
Therefore, formic acid was used to transform Cu(dmap)z into copper (1) formate on the substrate
surface. Then, hydrazine reduced the copper (I1) formate to Cu metal. Cu metal and Cu/Mn alloy
films were deposited by low temperature thermal ALD processes using Cu(dmap). and
BH3(NHMe,) co-reactant.?®’® Recently, high purity and low resistivity Cu thin films were also
obtained using Cu(dmap)2 and tert-butylhydrazine.” This process was studied at low temperatures
of 80-140 °C and a growth rate of 0.17 A/cycle was observed. The major challenge of Cu
depositions is to deposit smooth films at very low thicknesses. Cu metal depositions were studied
in detail and found out that substrate material has a great influence on film structure.®’ The ALD
growth of Cu films was performed using a bis(aminoalkoxide) copper (I1) precursor (CTA-1) and
H. plasma at 30 °C.8° On many substrates, including TaN and Si, Cu agglomerated to islands while
on Ru very thin conductive films were grown. ALD growth on a metal substrate such as Ru can
afford continuous and smooth Cu film due to the formation of an interfacial layer that enhances
the Cu nucleation. This observation suggests that good wetting of Cu on the substrate is necessary

to provide continuous layers at low thicknesses.

1.4.2 Ag Metal
Ag has the lowest resistivity (1.59 uQ cm)® among all elements and is thus potentially an
attractive metal to use as interconnects in microelectronics devices. Currently, Cu is used as the

interconnect material in integrated circuits. However, in sub-100 nm thicknesses, Cu resistivity
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increases due to scattering mechanisms.®22 It has been observed that Ag metal films can be scaled
down below 100 nm thicknesses without any significant increase in resistivity.82848 Therefore Ag
can be considered as a possible replacement for Cu. High conductivity is also a reason to use Ag
metal in photonics.® There is a growing interest in Ag thin films to use in plasmonic devices.®’ It
has been shown that localized surface plasmon resonances of Ag nanoparticles can be used to
enhance Raman scattering in surface-enhanced Raman spectroscopy (SERS).8% Additionally,
thin Ag metal films can be used as gas sensors.®* The chemisorption of gas molecules on the Ag
metal surface changes its reflectivity.®* Ag surfaces can also be used in catalysis and biological
applications such as antimicrobial coatings.3>2¢°2 The catalytic activity of nanoparticles is tunable
through better control of size, shape, and composition.*® Ag thin film deposition is a challenge
mainly due to the coalescence of Ag atoms on substrates at early stages of growth to form
nanoparticles. This nanoparticle growth takes a long time to form a continuous film. Furthermore,
the nanoparticles lead to rough films. The growth of Ag films by thermal ALD is poorly developed
due to the low thermal stabilities of the available precursors. Previously reported Ag precursors
are shown in Chart 3. The Ag ion has a very positive electrochemical potential (E° (Ag* + e <
Ag) = 0.7996 V)* and Ag(l) in the complexes can easily be reduced into Ag metal by the anionic
ligands. This is the key problem of making Ag precursors with highest thermal stabilities. Most of
the known Ag precursors are composed of anionic f-diketonate, carboxylate, or ketoiminate
ligands and neutral donor ligands such as phosphines (PEts) or alkenes (cyclooctadiene, COD).
Neutral ligands can easily dissociate from the metal complexes by giving a low-temperature

decomposition pathway.
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Silver metal depositions have been carried out using plasma ALD and thermal ALD.
Plasma ALD processes include Ag(O.CtBu)(PEts) and hydrogen radicals at 140 °C,%®
Ag(fod)(PEts) and H, at 120-150 °C,% Ag(fod)(PEts) and H: at 70-200 °C on various substrates
(SiOz, TiN, Ti/TiN, Co, Ni, and W),% and [(NHC)Ag(hmds)] and Hz at 100 °C.%" In these plasma
ALD process, low resistivity Ag films were obtained. However, films deposited by plasma ALD
may be non-conformal in high aspect ratio features. Thermal ALD processes including
Ag(hfac)(1,5-COD) and propanol between 110-150 °C,% (hfac)Ag(PMes) and formalin between
170-200 °C,* (hfac)Ag(PMes) , TMA, and water at 110 °C,% Ag(hfac)(1,5-COD) and propanol
between 121-130 °C,'® Ag(hfac)(1,5-COD) and tert-butylhydrazine between 80-200 °C,***and
Ag(fod)PEt; and BH3(NHMey) at 110 °C2 gave Ag nanoparticles with low growth rates.

Continuous Ag thin films have not been deposited using thermal ALD processes so far. This
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Chart 3. Silver ALD precursors.
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1.4.3 Au Metal

The development of Au ALD has been hindered by the low thermal stabilities of available
Au complexes. Au has very high positive electrochemical potentials (E° Au(l) = 1.692 V and E°
Au(Il) = 1.498 V).% Therefore finding a thermally stable Au precursor has proven to be difficult
because most of the ligands can easily reduce Au ions to Au metal. Although many CVD
precursors are available to deposit Au, 1% only three ALD processes have been reported.1%8-110
Two different Au precursors used in ALD are shown in Chart 4. The bulk resistivity of Au is 2.44
nQ cm.®t Generally, Au is considered the best material for low-voltage, low-current, and low-
contact-force applications such as gold-plated contacts and connectors.!* Au metal is relatively
stable and has low reactivity towards many chemical compounds. High reliability can be achieved
from electronics components made of Au.'% Particulate Au coatings also can be used in photonic
applications.19%112-113 The use of Au is avoided in semiconductor technology because Au diffuses
into the underlying Si substrates even at moderate temperatures and charge carriers (electrons and
holes) recombine at Au defects in Si and are eliminated. Au is also an expensive material to use in
microelectronics devices. The deposition of a continuous and conductive Au film by ALD remains

a challenge. ALD requires volatile, thermally stable, and reactive metal precursors.

Chart 4. Gold ALD precursors.

NEt,
Me
% |
SN Me-Au-Me
M PM
Me Me €3

MezAU(SchEtz) Me3P—AuMe3



21

The first Au ALD process was reported in 2016 by Griffiths and co-workers.%® In this
plasma-enhanced ALD process, the surface was first exposed to the Au precursor MesPAuMes,
followed by oxygen plasma. Then water vapor was used as a ternary reactant to hydrolyze the
phosphorous impurity to phosphoric acid. This phosphoric acid was removed during the purge
step. Metallic Au was deposited at 120 °C with a growth rate of 0.5 A/cycle. The second Au ALD
process was reported in 2017 by Makela and co-workers.*® Me,Au(S.CNEt;) used as the Au
precursor and ozone was used as the reactant. Self-limiting growth was observed at 180 °C with a
growth rate of 0.9 A/cycle. Low resistivity Au thin films were deposited by thermal ALD for the
first time. Recently, a Au plasma-enhanced (PEALD) process was reported using MezAu(PMez)
and Ha plasma.t! Island-like growth was observed at lower thicknesses, but continuous films were
observed when the films were 65.6 nm thick. Pure gold films with <1 at. % carbon and oxygen
were obtained at 120 °C.

1.5 Thesis Problem

Metal thin films prepared by ALD are attractive materials in microelectronics
manufacturing because ALD provides highly conformal films in high aspect ratio features.
Therefore, thin film deposition by ALD is an essential technique in the microelectronics industry.
This thesis focus on the design and synthesis of highly thermally stable Ag metal precursors and
the deposition of Ag metal films by thermal ALD. Ag metal has the lowest resistivity (1.59 uQ
cm) among all elements and may be a promising metal to use as interconnects in microelectronics.
There is a growing interest in Ag thin films for use in plasmonic devices as well. Ag metal has
been deposited by plasma and thermal ALD processes. Very few thermal ALD processes have
been reported to deposit Ag metal. All of the reported thermal ALD processes resulted in the

formation of nanoparticles instead of continuous film growth. Therefore, Ag metal is challenging
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to deposit using thermal ALD. Film growth by thermal ALD has been hindered by the low thermal
stabilities of all silver precursors reported to date due to the positive electrochemical potential of
Ag ion. Major issues include the lack of suitable metal precursors and reducing co-reagents.
Generally, in ALD processes, the first nuclei appear on the substrate surface and grow into
nanoparticles as the new nuclei appear. After depositing enough ALD cycles, nanoparticles
coalescence to grow a continuous film. Then the growth process continues. In noble metal film
depositions, effective nucleation may start after many ALD cycles. The number of cycles required
to achieve the steady state growth rate is known as “nucleation delay.” Substrates with higher
surface energies than Ag act as wetting layers, thereby enhance the Ag nucleation. Therefore,
substrate selection also a critical parameter in Ag ALD. The surface reactions are determined by
the precursor and also the substrate material. As a result, thermally stable, highly volatile, and
reactive Ag metal precursors need to be designed and synthesized.

The major goals and the focus of this thesis work are the design and synthesis of thermally
stable and volatile Ag metal precursors, screening of reducing co-reagents, and deposition of Ag
metal by thermal ALD. Ag has the lowest first ionization energy, but higher second and third
ionization energies than copper and gold.!'* Therefore, the most common oxidation state for silver
metal is +1. The crystal field stabilization energy is zero for d'°, and it is very stable. Therefore,
Ag prefers linear complexes with coordination number two. In order to decrease the electron
density on the metal to avoid self-reduction, anionic electron-withdrawing ligands are desired.
Electron-withdrawing substituents pull the electron density away from the ligand. Therefore, the
electron density is decreased on the metal, making the Ag ion more difficult to reduce to the
metallic state. This approach should give metal complexes with the highest possible thermal

stability. The addition of bulky alkyl or fluorinated groups to a ligand can lower the intermolecular
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attractions between individual molecules, reduce the lattice energies, resulting in higher volatility.
Neutral donor ligands can saturate the coordination sphere. Therefore, strong donor ligands that
can coordinate with the metal center are desired. Previously reported Ag pyrazolates, [Ag(3,5-
CF3)2Pz]3 and [Ag(3-tBu,5-CsF7)Pz]s were identified as highly thermally stable and volatile Ag
metal precursors.'™ These precursors have not been used in any Ag plasma or thermal ALD
processes.

The structure and properties of the complexes will be evaluated by NMR spectroscopy,
infrared spectroscopy, melting point determinations, CHN microanalyses, and X-ray crystal
structure determinations. The volatilities and thermal stabilities will be determined by preparative
sublimations, thermogravimetric analysis (TGA)/differential thermal analysis (DTA), and thermal
decomposition temperature measurements. ALD growth studies will be performed using the highly
thermally stable silver pyrazolate precursor [Ag(3,5-CFz)2Pz]s and appropriate co-reagents. The
film compositions and morphologies will be assessed by X-ray photoelectron spectroscopy (XPS),
X-ray diffraction (XRD), X-ray fluorescence spectroscopy (XRF), and scanning electron

microscopy (SEM).
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CHAPTER 2
ATOMIC LAYER DEPOSITION OF SILVER THIN FILMS USING HIGHLY
THERMALLY STABLE AND VOLATILE SILVER PYRAZOLATE PRECURSOR

2.1 Introduction

Recently, there has been great attention paid toward Ag thin film depositions due to the
potential use of Ag in plasmonic devices.®” Ag nanostructures can be used to harness
electromagnetic surface waves known as surface plasmons that generate along their surface.!6-17
Once the electromagnetic field of light has been converted into surface plasmons, it propagates on
the metal surface but slowly decreases its intensity due to the losses arising from absorption in the
metal.}*® The propagation length is a characteristic scale in surface plasmon-based photonics,
which is dictated by loss in the metal. For Al metal, the propagation length is 2 pm at 500 nm
wavelength. However, at the same wavelength, Ag has a propagation length of 20 um.*'® Potential
applications of surface plasmons include optics, data storage, light generation, microscopy, solar
cells, and sensors for detecting biological molecules.!*® The metallic nanoparticle research field
has reported that the plasmonic effect can be enhanced by changing the size, shape, and geometry
of the nanoparticles.’®*? Ag is also an attractive material to use as interconnects in
microelectronics due to its resistivity (1.59 pQ-cm), which is the lowest for any metal.

Ag films have usually been prepared using techniques such as physical*?1?? and chemical
vapor deposition (CVD).85115123-129 Recently, several plasma ALD processes have been used in
Ag thin film depositions.5#%-%" Generally, in plasma ALD, conformality is limited due to radical
recombination reactions in high aspect ratio features. Highly reactive plasma species can also
damage the substrates and growing films, thereby resulting in rough films. Growth by thermal
ALD has been hampered by the low thermal stabilities of almost all available Ag precursors.

Previously reported Ag precursors are composed of f-diketonate, carboxylate, or ketoiminate
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ligands and neutral donor ligands such as phosphines (PEts) or alkenes (cyclooctadiene,
COD).127130-138 The neutral donor ligands provide a saturated coordination environment to the
metal center and prevent aggregation in the solid state. However, loss of alkenes at or below the
sublimation temperatures of the Ag complexes forms less volatile species such as [Ag(hfac)]». The
phosphine ligands can improve stability during volatilization, but films can be contaminated by P
and C. Precursor decomposition can also be minimized by decreasing the deposition temperatures.

Pyrazolate ligands have been used to prepare volatile noble metal complexes (Ru and Os)
for thermal CVD processes. 3140 In 2005, the synthesis and characterization of a series of silver
pyrazolate complexes were reported.!*®> The bis-trifluoromethyl substituted complex [Ag(3,5-
CF3)2Pz]3was used to deposit Ag films by low-pressure CVVD experiments at temperatures between
250 and 350 °C. [Ag(3,5-CF3)2Pz]3 showed better thermal stability than all other Ag precursors
reported so far. Electron-withdrawing trifluoromethyl groups pull the electron density away from
the pyrazolate nitrogen atoms. Therefore, the electron density is decreased on the Ag ion, which
enhances the thermal stability of the complex. [Ag(3,5-CFz)2Pz]s sublimed at 110 °C/0.5 Torr
without decomposition.*® The higher volatility of this precursor should be due to the presence of
the trifluoromethyl substituents. Lone pairs on the fluorine atoms repel each other to reduce
intermolecular attractive bonding interactions. Therefore, the presence of trifluoromethyl groups
decreases lattice energies, thereby increasing volatilities.

This chapter reports precursor properties of [Ag(3,5-CF3)2Pz]s (1) and [Ag(3-tBu,5-
CsF7)P2)]s (2) and Ag metal depositions with 1 and 1,1-dimethylhydrazine as the reducing agent.
Chemical structures of Ag pyrazolate precursors are shown in Chart 5. The focus on bulky alkyl
or fluorinated substituents is to enhance the thermal stabilities and volatilities of Ag precursors.

Ag metal depositions on various substrates were performed using highly thermally stable and
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volatile precursor 1 and 1,1-dimethylhydrazine. The Ag metal films were characterized with regard
to thickness, morphology, crystallinity, and composition using SEM, XRF, grazing incident X-ray
diffraction (GI-XRD), and XPS.

Chart 5. Trimeric silver pyrazolates (a) 1 and (b) 2.
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2.2 Result and Discussion

Precursor selection and initial studies for substrate selection. Precursors 1 and 2 were
prepared by reported methods.*#1%? The volatility and thermal stability of 1and 2 were determined
by melting points, thermal decompositions, TGAs, and preparative sublimation studies to evaluate
their suitability for the thermal ALD process. Sublimation temperatures, melting points, thermal

decomposition temperatures for 1 and 2 are listed in Table 1.

Table 1. Thermal properties of 1 and 2.

Complex Melting Point (°C)  Thermal Sublimation % Recovery
Decomposition Temperature
Temperature (°C) (°C/ 0.2 Torr)

1 235-238 277 130 98

2 184-186 245 120 95
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Complexes 1 and 2 sublimed at 130 °C/0.2 Torr and 120 °C/0.2 Torr, respectively.
Complexes 1 and 2 offer sufficient volatility to use as ALD precursors. The melting points and
thermal decomposition temperatures were determined in a sealed capillary tube, where a color
change was observed upon decomposition of the material. Complex 1 showed a higher thermal
decomposition temperature than 2. The above observations suggested that the presence of
trifluoromethyl groups reduces the electron density on the pyrazolate ligand to minimize self-
reduction of the Ag ion and facilitate better thermal stability. TGA experiments were performed
to understand the thermal behavior of 1 and 2 and are shown in Figure 9. Complexes 1 and 2
showed single step weight losses with approximately zero residual masses, due to the volatilization
without decomposition. The 10% weight loss temperatures in TGAs approximate the 1 Torr vapor
pressures at atmospheric pressure. For 1 and 2 10% weight loss temperatures were 232 and 238
°C, respectively. Therefore, 1 is slightly more volatile than 2, consistent with the higher molecular

weight of 2.
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Figure 9. TGA traces of 1 and 2 (The heating rate was 10 °C/min).

To investigate the initial evidence of metal formation in solution, Ag pyrazolates 1 and 2
were treated with volatile reducing agents to obtain the silver metal in solution. Ag pyrazolates 1
and 2 (500 mg) were dissolved in 10 mL of tetrahydrofuran (THF) under inert atmosphere. Then,
5 molar equivalents (excess) of the reducing agent was added slowly with stirring. The first
evidence of metal formation would involve gas evolution and formation of black/silver, insoluble
precipitate. If no reaction was observed, then the solution was refluxed for five hours. The solution
was then cooled to room temperature and the precipitate was collected. The residue was subjected
to powder XRD to verify the presence of metal. Both 1 and 2 are reactive towards several reducing
agents such as aqueous N2H4, 1,1-dimethylhydrazine, tert-butyl hydrazine, and formic acid (Table

2).
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Table 2. Solution reduction experiment results for 1 and 2 in tetrahydrofuran.

Reducing agent

1

2

Aqueous N H
2 4

Ag mirror, 23 °C, 1 min

Ag mirror, 23 °C, 1 min

1,1-Dimethylhydrazine

Ag mirror, 66 °C, 1 min

Ag mirror, 66 °C, 10 min

tert-Butyl hydrazine

Ag mirror, 66 °C, 1 min

Ag mirror, 23 °C, 10 min

Formic acid Ag mirror, 66 °C, 10 min | Ag mirror, 66 °C, 5 min
2-Propanol No reaction at 23 or 66°C | Black color, 4h, 66 °C
1-Propanol No reaction at 23 or 66°C | No reaction at 23 or 66°C

Complex 1 was selected as the metal precursor to deposit Ag films due to its higher thermal
stability and better volatility, compared to 2. Complex 1 has already been used as a CVD precursor
in the temperature range of 250-350 °C,'!° while 2 has not been used in CVD or ALD experiments.
1,1-dimethylhydrazine was chosen as the co-reactant since it is reactive towards 1 in solution and
is easy to deliver using a vapor-draw bubbler. Since 1 has used as a CVD precursor,!'® it is very
important to determine the CVD component at the working temperatures range from 160-240 °C.
The experiment to determine the CVD growth on different substrates was carried out by
conducting depositions in the absence of the reducing agent. Initial depositions were carried out
with several substrates such as SiO, Co, Ru, Si, Cu, Pt, and TiN. Ag metal can be deposited on

all of these substrates using 1 and 1,1-dimethylhydrazine at 180 °C. Selected SEM images are

shown in Figure 10.
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Figure 10. Top down SEM images of a Ag metal films deposited on (a) Si (b) Co (c) Pt (d) Ru
substrates at 180 °C

However, Ag metal deposition was observed on Si, TiN, Cu, Ru, and Pt substrates in the
absence of 1,1-dimethylhydrazine as well. For instance, Ag metal growth on Cu substrates is
shown in Figures 11 and 12. Cu can act as a catalytic surface and reduce Ag metal precursor into
silver metal by making volatile Cu species. Consequently, similar thicknesses were observed with

and without the co-reactant.
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Figure 11. Cross-sectional SEM images of a Ag metal film deposited on a Cu substrate at 180
°C (a) 1 + 1,1-dimethylhydrazine (b) 1 only.

gh S
— 100nm 11/24/2017
X 50,000 15.0kV SEI SEM WD 6.3mm

Figure 12. Top down SEM images of a Ag metal film deposited on Cu a substrate at 180 °C (a)
1 + 1,1-dimethylhydrazine (b) 1 only.
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Nearly no growth was observed on Co and SiO: in the absence of 1,1-dimethylhydrazine.
Figure 13 shows cross sectional SEM images of the Ag depositions on SiO2 substrates at 180 °C.
Therefore, SiO> substrates were selected to carry out the ALD study. Depositions were conducted
with no co-reactant in the temperatures range from 160-240 °C to demonstrate the CVD
component on the SiO; substrate (Figure 14). Since SEM measurements were not accurate enough
to show the very small Ag growth observed on SiO> in the absence of co-reactant, Ag intensities
were measured by XRF. XRF Ag concentrations of <20 counts/s were measured with no 1,1-
dimethylhydrazine in the temperature range of 160-240 °C. However, Ag growth enhanced with

the use of 1,1-dimethylhydrazine, and Ag concentrations were measured as 70-150 counts/s.

Figure 13. Cross-sectional SEM images of the deposition on SiO; at 180 °C (a) 1 + 1,1-
dimethylhydrazine (b) 1 only.
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Figure 14. Plot of Ag concentration (counts/s) versus substrate temperature on SiO> substrates.

Self-limited growth and ALD window. Precursor pulse lengths, substrate temperatures,
and the number of cycles were varied to evaluate the growth behavior. The growth rate was
investigated as a function of the pulse lengths of 1 and 1,1-dimethylhydrazine at 180 °C using
1000 cycles and 10.0 s and 5.0 s N2 purges after each precursor pulse. Nanoparticles with different
sizes were observed in the cross-sectional SEM images. The nanoparticle height may not be an
accurate method to present the growth rates. Therefore, XRF silver concentrations were measured
to confirm the results obtained from SEM measurements. Using a recipe of 1 (variable)/N2 (10
s)/1,1-dimethylhydrazine (0.1 s)/N2 (5s) a growth rate of ~1.0 A/cycle was found at >3.0 s pulse
lengths of 1 (Figure 15(a)). XRF Ag concentration of ~150 counts/s was measured at >3.0 s pulse
lengths of 1 (Figure 15(b)). Consumption of 1 increased gradually with increasing pulse times,

which rules out precursor vapor depletion and pseudosaturation behavior in the delivery system.
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Using a 3.0 s pulse of 1, the growth rate of ~1.0 A/cycle was observed for 1,1-dimethylhydrazine
pulse length of >0.1 s (Figure 16(a)). For the above recipe, the XRF Ag concentration of ~150
counts/s was measured at >0.1 s pulse length of 1,1-dimethylhydrazine (Figure 16(b)). For the next
growth experiments, 1 and 1,1-dimethylhydrazine pulse lengths were kept at 3.0 s and 0.1 s,

respectively.
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Figure 15. Dependence of growth rate on the pulse length of 1 for a Ag film grown at 180 °C
with 1000 cycles on SiO: by (a) SEM and (b) XRF.
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1000 cycles on SiO2 by (a) SEM and (b) XRF.
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Based on the saturative doses, a pulse sequence of 1 (3.0 s)/N. purge (10.0 s)/1,1-
dimethylhydrazine (0.1 s)/N2 purge (5.0 s) was used for all following depositions. The effect of
deposition temperature on the growth rate per cycle was studied in the temperature range of 160
to 240 °C. An ALD window was observed from 170 to 220 °C with a growth rate of about 1.0
Alcycle (Figure 17(a)). XRF Ag concentrations of ~150 counts/s of were measured over the
temperature range of 170-220 °C (Figure 17(b)). A lower growth rate was observed at 160 °C,
possibly due to the insufficient reactivity of the precursors at low temperatures. At temperatures
above the ALD window, a lower growth rate was observed, due to precursor desorption or loss of
reactive sites. The ALD window is very important in industrial applications, where small
temperature fluctuations can be tolerated by having a wide window where growth rates do not
change. The ALD window observed herein can be compared with previously reported Ag thermal
ALD processes. The thermal ALD process using Ag(hfac)(COD) and 1-propanol afforded a ALD
window of 123-128 °C.1%® After that, Ag(hfac)(COD) used with tert-butyl hydrazine and afforded
105-128 °C temperature window.’® A recently reported thermal ALD process employing

Ag(fod)PEts and BH3(NHMe,) afforded an ALD window of 110-120 °C.1%?
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Figure 17. Dependence of growth rate on deposition temperature with 1000 cycles on SiO> by
(a) SEM and (b) XRF.
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Next, the dependence of film thickness on the number of cycles was studied at 180 °C
using a saturative pulse sequence of 1 (3.0 s)/N2 purge (10.0 s)/1,1-dimethylhydrazine (0.1 s )/N2
purge (5.0 s). The resultant plot was linear (Figure 18(a)) with a slope of 0.82 A/cycle, which is
lower than the measured growth rate after precursor saturation and ALD window of 1.0 A/cycle.
To confirm the linear growth, XRF Ag concentrations were plotted with different number of
deposition cycles (Figure 18(b)). The x and y-intercepts are ~125 and -18.6, respectively. These

values indicate about 125 cycles of nucleation delay before steady state growth is reached.
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Figure 18. Thickness versus number of cycles on SiO> substrates at 180 °C by (a) SEM and (b)
XRF.
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Film analyses. All depositions produced discontinuous particles rather than continuous
films (Figure 19). Thicker films consisted of particles with different sizes, which resulted from
coalescence and continued nucleation. Even after 1000 cycles, Ag nanoparticles were not
connected to make a continuous film. All the films were non-conductive due to the particle growth

of the films and gaps between the islands.

0. ¢

250 Cyeles

Figure 19. Top-down SEM images after different number of cycles at 180 °C on SiOx.

The crystallinity of the Ag films was studied by GI-XRD. Figure 20 shows the GI-XRD

patterns for silver metal grown at 180 °C on SiOz substrates. As shown, the diffraction pattern was
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indexed as Ag (PDF 00-003-0931). The broad reflections suggest that the presence of small

crystallites. Reflections at 26 = 38.04° and 44.80° correspond to the cubic phase of metallic Ag.

1600

PDF 00-003-0931
1400 Ag (111)

1200 — ﬂ

1000 —

800 —

Intensity (counts)

600 —

400 Ag (200)

. SiO

30 35 40 45 50 55 60
2 Theta (degree)

Figure 20. Grazing incidence XRD pattern of a 100 nm thick Ag nanoparticle film after 1000
cycles at 180 °C grown on a thermal SiO; substrate.

A 100 nm film deposited at 180 °C was analyzed by XPS to determine the elemental
composition. Surface contaminants were removed by sputtering with 3 keV argon ions to obtain
the depth profile compositions (Figure 21). Composition of the film at the vertical line in Figure
21 is summarized in Table 3. After 1.0 min of 3 keV argon ion sputtering, the bulk of the film is

reached, and the film consisted of 62% Ag, 15% Si, 21% O, and 2% C. The N concentration is
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below the detection limits (<1%) of XPS analysis. XPS is a surface-sensitive technique. Detection
of SiO; substrate supports the island-type growth observed. SEM images showed Ag nanoparticle
growth on SiO; substrates. Therefore, the SiO, substrate is open to the surface. Hence, Si and O

were also detected at the surface and bulk.

Table 3. Composition (in atomic percent) of a 100 nm thick Ag metal film grown with 1 (3 s
pulse) and DMH (0.1 s pulse) on SiO for 1000 cycles, as evaluated by XPS.

Composition (at.%0)

Ag 3d 62
Si2p 15
O1s 21
C1ls 2

Etch Depth (nm)
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Figure 21. XPS depth profile of a 100 nm thick Ag film deposited at 180 °C.

The Ag3ds, and Ag3ds2 binding energies for silver nanoparticles appeared at 368.2 and

374.3 eV, respectively, (Figure 22 (a)) and are in a good agreement with previously reported
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assignments for bulk silver metal values.100-102.115.143-152 X pg pinding energies can be influenced
by silver nanoparticle size, where reported binding energies of particulate films have shifted to
higher values compared to the bulk.t®3' The Si 2p binding energy at the surface and bulk is 103.7
eV, which corresponds to silicon in SiO2 (Figure 22 (b)).**%% The O 1s ionization at 533.2 eV in
the bulk after sputtering can be assigned to oxygen in SiO2 (Figure 22 (c)).1>® A shoulder peak at
530.8 eV in the O 1s ionization may be due to the presence of silver oxides on the surface.’*® The
C 1s ionization intensity before sputtering is very strong due to surface contamination (Figure 22
(d)). Adventitious carbon was set to the binding energy of 284.8 eV as the reference.!>® The binding
energies at 286.7 and 288 eV are attributed to chemical states of C-O-C and O-C=0,
respectively.'® Overall, the absence of N and F content in the films rules out incorporation from

the ligands present in the precursor molecules.
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Figure 22. lonization regions of a 100 nm thick Ag film deposited at 180 °C (a) Ag 3d (b) Si 2p
(c)O1s(d) C 1s.

2.3 Conclusions and Future Directions

Herein, thermal ALD of Ag metal films using 1 and 1,1-dimethylhydrazine was reported.
Precursor 1 has been used as a single-source precursor to deposit Ag films on Si substrates by a
low-pressure CVD method at the temperatures between 250-350 °C.!'® Herein, 1 and 1,1-
dimethylhydrazine were used to deposit Ag metal on several substrates, including Si, SiO», Co,

TiN, Cu, Ru, and Pt even at 180 °C. The use of the highly thermally stable and volatile silver
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pyrazolate precursor 1 gave nanoparticle growth on SiO2 substrates. The films consisted of
discontinuous Ag nanoparticles, which is a similar morphology compared to previous Ag metal
thermal ALD processes.?1%? Self-limited growth was observed for 1 and 1,1-dimethylhydrazine
on SiO; substrates, with a saturative growth rate of ~1.0 A/cycle at 180 °C. The growth rate of this
process is higher than most other ALD processes reported. Previously reported plasma and thermal
ALD processes offered growth rate ranges from 0.16-1.2 A/cycle at different deposition
temperatures.54%-102 A plot of growth rate versus substrate temperature showed an ALD window
of 170 to 220 °C. The as-deposited films were crystalline. XPS analysis confirmed the deposition
of silver metal on the SiO> substrate with ~2% carbon incorporation. After 1000 cycles,
nanoparticle growth was observed on the SiO> substrate. However, nanoparticles with different
sizes observed at 1000 cycles due to the coalescence of the nanoparticles. Therefore, as a future
step, the number of deposition cycles can be increased to observe continuous nucleation to produce
Ag thin films rather than nanoparticles. Selection of the substrate may also be a significant factor
in Ag metal depositions. Ag atoms migrate on the substrate surface even at room temperature until
they find an energetically favorable nucleation site. Substrates with higher surface energies than
Ag act as wetting layers, thereby increasing the Ag nucleation. Therefore, the use of noble metal
substrates such as Ru or Au might provide a strong bond between silver atoms and the substrate
surface, which can minimize the Ag migration on the substrate. This approach may lead to the
formation of a continuous film rather than nanoparticles. As another future step, depositions can

be carried out on Ru and Au substrates to observe substrate effects on nucleation.

2.4 Experimental Section
Film Deposition. A Picosun R-75 SUNALE ALD reactor was used for the film deposition

experiments. Ultrahigh purity nitrogen (99.999%, purchased from Air-gas) was used as the carrier
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and purge gas. During the depositions, the chamber pressure was 4-5 Torr. Precursor 1 was
synthesized according to a literature procedure'*-¥42 and was purified by sublimation at 130 °C/0.2
Torr. 1,1-Dimethylhydrazine reducing agent was purchased commercially and was used without
further purification. Precursor 1 was delivered in a Picosolid booster at 157 °C, while 1,1-
dimethylhydrazine was delivered with a vapor-draw bubbler at room temperature. Substrate
temperatures were varied from 160 to 240 °C. Film growth experiments were conducted using a
range of pulse lengths for 1and 1,1-dimethylhydrazine to determine the degree of saturation. Initial
depositions were carried out on various substrates such as SiO., Si, Cu, Pt, TiN, Ru, and Co. Ag
metal films were deposited on SiO> substrates (100 nm thick) at 180 °C according to the sequence
1 (3.0 s)/N2 purge (10.0 s)/1,1-dimethylhydrazine (0.1 s)/N2 purge (5.0 s).

Film Characterization. Cross-sectional film thicknesses and morphologies were
measured using SEM collected on a JEOL-6510LV scanning electron microscope. XRF
measurements were performed before and after the deposition using an Oxford Instruments Maxxi
6 instrument. The Ag L, intensity (2.230-4.140 KeV) was determined after 15 s measurements at
45 kV with a 1 mm collimator. XRD patterns were collected in the grazing incidence mode on a
Bruker D8 Advance diffractometer using Cu Ko radiation. XPS data were collected with a Thermo
Fisher Scientific Nexsa XPS system equipped with a monochromatic Al source (spot size 400 mm,
3000 eV Ar ion sputtering in monatomic mode, and <1.0x10"° mbar working pressure). TGAs of
1and 2 were performed using a TA Instruments SDT 2960 simultaneous with a ramping rate of 10
°C/min. The melting points and thermal decomposition temperatures for 1 and 2 were determined

using an Electrothermal-1A 9000 series melting point apparatus with a heating rate of 10 °C/min.
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CHAPTER 3
SYNTHESIS AND CHARACTERIZATION OF HIGHLY THERMALLY STABLE N-
HETEROCYCLIC CARBENE SILVER PYRAZOLATE PRECURSORS

3.1 Introduction

Coinage metal (Cu, Ag, and Au) pyrazolate complexes have been widely discussed due to
their interesting structural arrangements and fascinating properties.*4?1%8-161 |n silver pyrazolate
complexes, the formation of trimeric structures is preferred even with bulky substituents on the
pyrazole ring, with tetramers such as [Ag(3,5-tBu).Pz]4 being very rare.'%? This preference may
be due to the size of the silver ion, which is the largest among the group of coinage metals. Also,
the directional nature of the pyrazolate nitrogen atom lone pairs may favor trimers. The covalent
radii of Cu(l), Ag(l), and Au(l) are 1.11, 1.33, and 1.25 A, respectively.*> Most of the silver
pyrazolates contain close Ag-Ag contacts, which are called “argentophilic interactions.”
Argentophilic interactions are weak bonding interactions between metal cations with “close-shell”
electronic configurations. %3164 Argentophilic interactions are weaker than most covalent and ionic
bonds but are stronger than the van der Waals bonds, and are comparable to the strength of typical
hydrogen bonds. Argentophilic interactions exist when Ag-Ag distances are shorter than twice the
van der Waals radius for the Ag atom (3.44 A).1®> These interactions arise primarily due to
dispersive forces, which are strengthened by the relativistic effect in heavier elements. Dispersion
forces are temporary attractive forces that result from temporary dipoles occuring in adjacent
atoms. Silver 4d orbitals experience some relativistic expansion while 5s orbitals undergo
contraction. The relativistic effects increase the distance of the 4d orbital from the nucleus of the
atom and decrease the distance of the 5s orbital. Therefore, temporary dipoles can form in d

orbitals, and electrostatic bonding interactions are possible.
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As ALD precursors, monomers are preferred due to their lower molecular weights and
better volatilities. This chapter discusses the use of N-heterocyclic carbenes (NHCs) as strong
Lewis bases to synthesize monomeric silver pyrazolates. In organometallic chemistry, the
preparation and use of NHC ligands is currently an important topic. %418 NHCs are strong two-
electron c-donors that can coordinate more strongly to transition metals than phosphine ligands.1®
In the field of transition metal catalysis, complexes containing NHCs often show increased
stability and reactivity relative to their phosphine analogs.166-167169-171 Ag 3 neutral donor ligand,
NHCs provide better stability for monomeric Ag(l) complexes when compared with phosphine
ligands.1"2 In phosphines, the substituents have significant effects on both the electronic and steric
properties of the ligand.'®® Steric properties of carbenes are determined by modifying the groups
on the N atoms, while electronic properties are altered by functionalizing the diazole ring. NHCs
such as imidazol-2-ylidenes and imidazolidin-2-yli-denes are strong o-donors and weak =-
acceptors (Chart 6).17317* In 1993, the first homoleptic carbene-silver complex was isolated.!’
Several Ag pyrazolate complexes containing NHCs have also been reported.176-178

Chart 6. NHCs (a) imidazol-2-ylidenes and (b) imidazolidin-2-yli-denes.
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This chapter reports the syntheses, structures, and precursor properties of a series of

dimeric, monomeric, and tetrameric Ag pyrazolate complexes. The trinuclear Ag(l) complexes

containing fluorinated pyrazolates, 1 and 2, were used as starting materials due to their high
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volatility and thermal stability. Three different five-membered ring NHCs, in which the nitrogen
atom substituents were Me, Et, and iPr, and a saturated five-membered ring NHC with tert-butyl
groups on the nitrogen atoms were used (Chart 7). Saturated NHCs show improved volatility over
unsaturated NHCs in previously reported NHC-Cu complexes.'” Increased volatility could be due
to the lack of a m-electron system and non-planarity in saturated carbenes. Thus, it is essential to
explore saturated carbene complexes as well. Reactivity of the monomeric precursors was also
investigated using different co-reactants such as aqueous hydrazine, 1,1-dimethylhydrazine,

formic acid, and alcohol.

Chart 7. N-heterocyclic carbenes (a) P2NHC (b) E®NHC (c) M®2NHC (d) B¥NHC.

|
iPr
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Me. N Me_N Me___N N
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(@) (b) (c) (d)

3.2 Result and Discussion

Synthetic Aspects. Three different types of unsaturated NHCs, where the nitrogen atom
substituents, Me, Et, or iPr, were chosen, as shown in equation 1. A saturated NHC with tert-butyl
groups on the nitrogen atoms was also selected (eq 2). These ligands were prepared by reported
methods.'®18! Treatment of 1 and 2 with three equivalent of the carbenes afforded 3-8, 9-Et,0, and
10 as colorless crystalline solids in 10-81% yields (equations 1 and 2). Selected reactions were
also carried out in different solvents such as diethyl ether, THF, and toluene. Hexane was used as
the solvent to perform all of the syntheses because of the high reaction yields obtained. The air,

moisture, and light sensitivity of 3-8, 9-Et,O, and 10 were tested by keeping the crystalline
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materials in ambient air for 1-2 days. The isolated

crystals were all stable to ambient atmosphere.
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Complexes 3-8, 9-Et>0, and 10 were characterized by X-ray structure determinations and
spectral and analytical techniques. X-ray crystal structures of 3-5, 8, 9-Et.O, and 10 were
determined. The solid state structures exhibit considerable diversity, and are described below. All
of the complexes are diamagnetic and were subjected to *H and *C{*H} NMR analyses. The *H
NMR spectrum of crystalline 9¢(Et.O) showed resonances for the diethyl ether solvate, with the
correct integration for one diethyl ether per molecule of 9. In spite of the diverse solid state
structures, the NMR spectra of all complexes showed one type of pyrazolate and carbene ligand at
23 °C. This is not surprising for 3, 5-8, and 10, since one type of pyrazolate and carbene ligand
would be expected if their solid state structures are maintained in solution or if the weak silver-
silver interactions lead to monomers in solution. The observation of one type of (CF3)2pz ligand
in 4 suggests either a monomeric structure in solution or a dimer in which the asymmetric Ag-N
bonds undergo rapid site exchange. Similarly, 9¢(Et20) contains two different types of (CFs)2pz
ligands in the solid state, so observation of only one type of (CF3)2pz ligand resonance suggests
rapid ligand site exchange at 23 °C or a different solution structure. The carbene carbon atom
resonances in the *C{*H} NMR spectra of 3, 4, 5, 6, 8, and 9+(Et,0) were observed as singlets in
the range of 170.03-177.43 ppm. No C-91%Ag coupling was observed, suggesting rapid
exchange of the carbene ligands at 23 °C.17>182-186 | the case of 7 and 10, the carbene carbon atom
signals were not observed, in spite of concentrated samples and long collection times. These
signals may be very broad, perhaps due to intermediate exchange rates on the NMR time scale.
The carbene carbon atom resonance has not been observed in several previous silver
complexes.173'184'185

X-Ray Crystal Structures. The X-ray crystal structures of 3-5, 8, 9¢(Et.0), and 10 were

obtained to determine the solid state configurations. Crystallographic data are summarized in
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Tables 4 and 5. Selected bond distances and angles are shown in Tables 6 and 7. Figure 23-28
shows representative perspective views of 3-5, 8, 9¢(Et20), and 10. There is a large amount of
structural diversity, especially considering the similarities among the ligands. Complexes 3-5
crystallize as dimers, with variable Ag-Ag distances, 8 and 10 are monomeric, and 9+(Et20) forms
a tetramer with a bridging pyrazolate core and only two NHC ligands.

Complex 3 contains one pyrazolate ligand and one NHC ligand, with an Ag-Ag distance of
3.391 A (Figure 23). This distance is shorter than twice the van der Waals radius for the Ag atom
(3.44 A),'5 and is thus consistent with the presence of an argentophilic interaction.'®® The N1-
Agl1-C6 vectors within the dimers are eclipsed and the planes of the ligand 5-membered rings are
approximately coplanar within the dimers. The Agl-N1 bond length is 2.097(2) A, whereas the
Agl-N2 distance is 2.906 A. The latter distance is within the sum of the van der Waals radii for
Ag and N (~3.27 A!6>187) 5o very weak bonding may be present. These asymmetric Ag-N
distances and the Agl-N1-N2 angle of 112.9(1)° are consistent with n!-pyrazolate coordination.
The Ag1-C6 bond length is 2.066(3) A and the N1-Ag1-C6 angle is 167.53(7)°. Within the dimeric
unit, there is a close contact between Agl and C6’ of 3.080 A, which is within the van der Waals
radii of Ag and C atoms (3.42 A).19:18 This close contact appears to arise from an electrostatic
interaction between the positively polarized C atom of the NHC ligand and the filled d orbitals on
the Ag ion. Structurally similar dimers of the formula [AgX(NHC)]> (X = F, CI, Br, I) have been
studied theoretically, and have calculated Ag-Ag distances that range from 3.04 to 3.61 A.!*® The
[AgX(NHC)]> complexes adopt eclipsed head-to-tail X-Ag-C vectors similar to that observed in
3, which was proposed to arise from electrostatic interactions between the X and NHC ligands
within the dimers.!®® The eclipsed head-to-tail geometry in 3 may arise from similar electrostatic

interactions between pyrazolate and NHC ligands within the dimer. However, the N1-C6 distance
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is 3.668 A, which is larger than the van der Waals radii of N and C (3.25 A'*"). Weak intermolecular
and intramolecular N-Hee*H-C contacts are present in the lattice of 3.

There are three independent molecules in the unit cell of 4. A perspective view of the dimer
containing Agl A and Ag2A is shown in Figure 24. The dimers in 4 consists of two n-pyrazolate
ligands, with an NHC ligand coordinated to each silver ion. The Ag-Ag distances in 4 are
3.0303(9), 3.067(1), and 3.068(1) A. These values are considerably shorter than those in 3, due to
the bridging pyrazolate ligands that hold the silver atoms in closer proximity. The Ag-N distances
are 2.159(7) (AglA-N31A), 2.408(7) (Ag2A-N32A), 2.511(7) (AglA-N41A), and 2.226(7) A
(Ag2A-N42A). These distances are much longer than the Ag-N distances in 3, due in part to the
silver coordination number of three in 4 versus two in 3 (ignoring the Ag-Ag interactions). Each
pyrazolate ligand in 4 also has asymmetric Ag-N bond lengths to the silver ions, with Ag-N bond
distance differences of 0.249 and 0.285 A in the dimer containing AglA and Ag2A. This
asymmetry may be caused by steric crowding around the silver ions and by weaker Ag-N bond
energies in the three-coordinate silver ions. The AglA-C11A and Ag2A-C21A bond lengths are
2.078(8) and 2.090(8) A, respectively, which are close to the corresponding value in 3. Excluding
the Ag-Ag interactions, the sum of the bond angles about AglA (355.9°) and Ag2A (355.5°) are
close to 360°, consistent with trigonal planar geometry about each silver ion. With regard to the
other two independent molecules in the unit cell, the dimer containing AglC and Ag2C is close
structurally to the dimer containing Agl A and Ag2A, with similar Ag-N bond lengths, asymmetric
Ag-N bond lengths within each pyrazolate ligand, and identical Ag-C bond lengths within
experimental error. However, the dimer containing AglB and Ag2B has a slightly different
structure than the other two. Most notably, bonding of the pyrazolate ligands to the silver ions is

highly asymmetric (AglB-N31B 3.558, Ag2B-N32B 2.076(7), AglB-N41B 2.115(7), Ag2B-
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N42B, 2.730 A). Thus, the silver ions in the dimer containing AglB and Ag2B are closer to two
coordinate, whereas the silver ions in the other two dimers are three coordinate. The AglB-C11B
and Ag2A-C21B bond lengths are 2.070(8) and 2.051(8) A, which are similar to the values in 3
and the other two dimers. The origins of the different structures in the dimer containing Ag1B and
Ag2B are not clear, but bond length distortions involving the pyrazolate ligands may be low
energy.

Complex 5 adopts a dimeric structure that is similar to 3, in that there are no bridging
pyrazolate ligands and the dimer is held together by a Ag-Ag interaction with a distance of
3.1321(8) A (Figure 25). However, unlike 3, the N-Ag-C vectors in 5 are not eclipsed, but instead
have a torsion angles that range between about 59 and 72°. These non-zero torsion angles in §
appear to originate from steric interactions between the pyrazolate and NHC ligands across the
dimer. The Ag1-N1 and Ag2-N5 bond lengths are 2.101(6) and 2.115(6) A, respectively, which are
similar to the value in 3 and shorter than the values in 4. The Ag1-N6 and Ag2-N2 distances (3.076
and 3.202 A, respectively) are longer than the related distance in 3, but are still within the sum of
the van der Waals radii for Ag and N (~3.27 A%>%8") These asymmetric Ag-N distances are
consistent with n!-pyrazolate bonding. The Ag-C bond lengths (Agl-C6 2.072(7), Ag2-C22
2.074(6) A) are identical to those in 3 and 4 within experimental uncertainty. The N1-Ag1-C6 and
N5-Ag2-C22 angles are 174.0(3) and 171.3(2)°, respectively. These values are similar to that of 3
and are essentially linear, as expected for ideal two-coordinate geometry (ignoring the Ag-Ag
interaction).

Complexes 8 and 10 have monomeric structures with very similar bond lengths and angles
(Figures 26 and 28). The Ag-Ag distances (8, 6.514; 10, 6.796, 6.931 A) are much longer than

twice the van der Waals radius for the Ag atom (3.44 A)!® and are too long to argentophilic
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interactions. The Ag-N bond lengths (8, Ag1-N2 2.078(4); 10, Ag1-N1 2.073(2) A) are similar to
the related values in 3 and 5 within experimental uncertainty, and are shorter than the Ag-N
distances in 4. The Ag-N distances to the second nitrogen atom in each pyrazolate ligand (8, Agl-
N1 2.949; 10, Agl-N2 2.927 A) are long, and are similar to the corresponding distance in 3.
Accordingly, 8 and 10 are best described as containing n!-pyrazolate ligands. The Agl1-C10 and
Agl-C11 distances in 8 and 10 are 2.063(5) and 2.078(2) A, respectively. These distances are
identical within experimental uncertainty and are similar to the values in 3-5. The N2-Agl1-C10
and N1-Agl-C11 angles in 8 and 10 are 177.4(2) and 176.95(7)°, respectively, which are close to
the 180° value expected for linear, two-coordinate Ag atoms.

Complex 9-Et20 crystallizes as a tetranuclear complex, as shown in Figure 27. The crystals
also incorporate one molecule of diethyl ether per tetrameric unit, as described earlier. The central
core of the tetramer consists of a Ag>((CF3)2pz)> unit, with po-pyrazolate ligands. Each Ag ion in
the central core is bonded to a nitrogen atom of a pyrazolate ligand, and a Ag(NHC) fragment is
coordinated to the other nitrogen atom of the pyrazolate ligand. The AgoNy core is approximately
planar, and the pyrazolate planes in the outer Ag((CF3)2pz)(NHC) unit are perpendicular to the
core plane. The Ag-Ag distances (Agl-Agl’ 3.603; Agl-Ag2 3.464 A) are longer than twice the
van der Waals radius for the Ag atom (3.44 A)1%®, and thus no argentophilic interactions are present.
The Ag-N distances for three-coordinate Agl (Agl-N2 2.226(1); Agl-N4 2.216(1); Agl’-N3
2.222(1) A) are longer than the value for two-coordinate Ag2 (Ag2-N1 2.096(1) A), as expected.
The Ag2-N1 bond length is similar to the related values in 3, 5, 8, and 10, consistent with the two-
coordinate Ag ions in these complexes. The Ag-C distance in 9+(Et,0) is 2.084(2) A, which is
identical within experimental uncertainty to the values in 3-5, 8, and 10. The N1-Ag2-C11 angle

is 178.56(5)°, which is expected for a two-coordinate Ag atom. The angles about Agl range from
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118.8 to 122.2°, which fits with idealized trigonal planar geometry. The Ag-N-N angles for the
pyrazolate ligands also encompass 118.1 to 121.5°, as expected for trigonal planar pyrazolate
nitrogen atoms.

The overall structures adopted herein can be compared with previously reported silver
pyrazolate complexes and selected silver complexes containing NHC ligands. Silver pyrazolate
complexes containing chelating NHCs have been reported, although the structures are not similar
to those observed herein.1’617818 AN bond lengths in these complexes range from about 2.08 to
2.10 A, and Ag-C bond lengths lie between 2.05 and 2.10 A. These distances are very similar to
those observed herein, with the exception of the longer Ag-N distances in 4. Complexes 3 and 5
adopt dimeric structures with essentially linear N-Ag-C vectors that are either eclipsed (3) or
twisted (5) across the dimers. Dimers with head-to-tail eclipsed C-Ag-X vectors are predicted
theoretically in [Ag(NHC)X]., where X = F, Cl, Br, 1.1 The eclipsed structures in these dimers
was attributed to electrostatic ligand interactions across the dimers. Complexes of the formula
[Ag(INHC)Cl]n (n = 1, 2) adopt structures with twisted N-Ag-C vectors across dimers or form
monomers, with moderate size NHC ligand substituents.!”*!°! Formation of monomers occurs
with large NHC substituents.' It is likely that the formation of monomeric structures observed
herein for 8 and 10 is similarly driven by the steric bulk of the ligands. Complex S adopts a dimeric
Ago(pyrazolate), core, with po-pyrazolate ligands, and then each silver atom is bonded to an NHC
ligand. The crystal structures of very similar complexes of the formula Ag»(pyrazolate),L.> have
been reported, where L is a neutral donor ligand.!”>'% The tetrameric structure of 9+(Et,0)
contains a central Agy(pyrazolate), core, with a Ag(pyrazolate)(NHC) fragment coordinate to each

core Ag ion through a p-pyrazolate interaction. The crystal structures of several similar tetrameric
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complexes have been reported, where the silver ions in a dimeric Agx(pyrazolate)> core are each

bonded to a Ag(pyrazolate)(NHC) unit through p-pyrazolate ligands.

197

Table 4. Experimental crystallographic data for 3, 4, and 5.

Formula
fw

space group
a (A)

b (A)

c(A)

V (A%

z

T (K)

2 (A)

pealc (gem’®)
# (mm)
R(F)* (%)

Rw(F)° (%)

3
C12H13AgFeN4
435.13
P21/n
7.3601(7)
15.0620(14)
14.0041(13)
1499.2(2)

4

100.1
0.71073
1.928

1412

2.26

4.85

4
Ci4H17AgFeN4
463.18

P21/n
9.2055(10)
64.620(8)
17.533(2)
10376(2)

24

100(2)
0.71073

1.779

1.230

6.68

15.96

3)
C1eH21AgFeN4
491.24

P-1
10.0537(10)
11.3296(10)
17.3537(16)
1915.7(3)

4

100.1
0.71073
1.703

1.116

7.12

16.52

aR(F) = ZIFol - IFcl/ZIFol. PRw(F?) = [EW(Fo?-Fc)2/EwW(Fo?)?]M2.
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Table 5. Experimental crystallographic data for 8, 9-Et>O, and 10.

Formula

fw

space group
a (A

b (A)

c (A)

V (A%

z

T (K)

A (R)

Peale (gCM™)
 (mm?)
R(F)* (%)

Rw(F)° (%)

8
C21H30AgF7N4
579.36
Pnma
22.4937(18)
12.5802(9)
8.6645(7)
2451.8(3)

4

100.1
0.71073

1.570

0.891
3.94

9.77

9-Et.0
CasHs8AgsF24N120
1682.52

P-1
10.3135(9)
12.0136(10)
14.0181(13)
1501.3(2)

1

100.1
0.71073

1.861

1.406
2.57

5.51

10
Ca1H32AgF7Ny
581.37
P2i/c
12.2197(8)
9.8710(6)
20.2318(12)
2429.6(3)

4

100.1
0.71073

1.589

0.899
2.59

5.89

=YIF,l - |Fc||/Z|Fo|. bRW(FZ) = [Ew(FOZ_FCZ)Z/EW(FOZ)Z]UZ_

“R(F)
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Table 6. Selected bond lengths (A) and angles (deg) for 3, 4, and 5.

Ag-N (A) Ag-C (A) N-Ag-C/N (°) N-Ag-C (°)
Agl-N1 Agl-C6 N1-Agl-C6 Ag1-N1-N2
2.097(2) 2.066(3) 167.53(7) 112.9(1)
Ag(1)-N2
2.906
Agla-N31la Agla-Clla N31A-Agla-N41A | Agla-N31A-N32A
2.159(7) 2.078(8) 85.1(2) 114.6(5)
Ag2a-N32a Ag2a-C21a N31A-AglA-C11A | Ag2A-N32A-N31A
2.408(7) 2.090(8) 153.0(3) 108.4(5)
Agla-N41la N32A-Ag2A-N42A | AglA-N41A-N42A
2.511(7) 92.0(2) 106.0(5)
Ag2a-N42a N32A-Ag2A-C21A | Ag2A-N42A-N41A
2.226(7) 121.9(3) 116.2(5)

N41A-AglA-C11A

117.8(3)

N42A-Ag2A-C21A

141.6(3)
Ag1-N1 Ag1-C6 N1-Agl-Cé Ag1-N1-N2
2.101(6) 2.072(7) 174.0(3) 118.7(5)
Ag1-N6 Ag2-C22 N5-Ag2-C22 Ag2-N5-N6
3.076 2.074(6) 171.3(2) 118.2(5)
Ag2-N5
2.115
Ag2-N2

3.202
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Table 7. Selected bond lengths (A) and angles (deg) for 8, 9-Et,0, and 10.

Ag-N (A) Ag-C (A) N-Ag-C/N (°) N-Ag-C (°)
8 | Agl-N2 Agl-C10 N2-Ag1-C10 Ag1-N2-N1
2.078(4) 2.063(5) 177.4(2) 115.6(4)
Agl-N1
2.949
9«Et,0 | Agl-N2 Ag2-C1 N1-Ag2-C1 Agl-N2-N1
2.226(1) 2.084(2) 178.56(5) 118.09(9)
Agl’>-N3 Agl’-N3-N4
2.222(1) 119.11(9)
Agl-N4 Ag1-N4-N3
2.216(1) 121.48(9)
Ag2-N1 Ag2-N1-N2
2.096(1) 119.41(9)
N2-Ag1-N3
118.76(5)
N2-Agl-N4
122.19(5)
N3-Agl-N4
119.05(4)
10 | Agl-N1 Agl-Cl1 N1-Agl-Cl1 Ag1-N1-N2
2.073(2) 2.078(2) 176.95(7) 115.7(2)
Agl-N2

2.927
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Figure 24. Perspective view of 4 with thermal ellipsoids at the 50% probability level.
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Figure 25. Perspective view of 5 with thermal ellipsoids at the 50% probability level.
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Figure 26. Perspective view of 8 with thermal ellipsoids at the 50% probability level.
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Figure 27. Perspective view of 9-Et>O with thermal ellipsoids at the 50% probability level.
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Figure 28. Perspective view of 10 with thermal ellipsoids at the 50% probability level.
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To observe the behavior of 4 in the solution, a low-temperature NMR experiment was
carried out at different temperatures (Figure 29). *H NMR spectra show broader resonances at low
temperatures. The NMR spectra showed one type of pyrazolate and carbene ligand at 23 and -60
°C. However, at -70 °C a broad resonance at around 6.67 ppm started to appear. **F NMR spectra
showed a singlet at room temperature and two different resonances at low temperatures (Figure
30). However, the intensities of the two resonances are different and not equal to 1:1, indicating
two different fluorine environments. Two different complexes are possibly present at low
temperatures in the solution. However, the above data do not identify the exact species that occur

at low temperatures.
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Figure 29. *H NMR spectrum of 4 at different temperatures.
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Figure 30. °F NMR spectrum of 4 at different temperatures.
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Thermal Stability, Volatility, and Reactivity towards Co-Reagents. The melting points,
thermal decomposition temperatures, and preparative sublimation data for 3-8, 9°Et,O, and 10 are
shown in Table 8. Precursors used in ALD and CVD should be liquids at the gaseous delivery
temperatures, since liquids have a constant surface area, and thus constant gas phase precursor
concentrations are obtained. By contrast, the surface areas of solid precursors can change
depending upon loading and solids can create particles in the films. Complexes 3-6, 8, and 9-Et,O
have melting points that are lower than the sublimation temperatures and are thus delivered from
the liquid state. The sublimation temperatures of 3-6, 8, 9°Et,O, and 10 range from 110 to 130 °C
at 0.2 Torr, which are approximately the same as those of 1 and 2 (120 and 130 °C, respectively).
Interestingly, the melting points of 1 and 2 are about 105 and 65 °C higher, respectively, than the
120 to 130 °C sublimation temperatures. Accordingly, these trimeric pyrazolates sublime as solids.
Importantly, 3-6, 8, 9+Et>O, and 10 sublime intact, do not lose the NHC ligands, and show
undetectable (<1%) resonances for 1 and 2 in the *H NMR spectra of the sublimed materials. The
decomposition temperatures of ALD precursors are often close to the upper limits of self-limited
growth, and thus provide valuable information. As a baseline, the decomposition temperatures of
1 and 2 were 277 and 245 °C, respectively. Among 3-8, 9°Et20, and 10, only 4 has a higher
decomposition temperature than the parent trimeric pyrazolate. Complexes 3-5 and 9+Et,O contain
(CF3)2pz ligands and have higher decomposition temperatures (200 to 233 °C) than 6-8 and 10
(160 to 200 °C), which contain (CsF7)(tBu)pz ligands. Thermal decomposition may involve
dissociation of the NHC ligand. Since the (CFs)2pz ligand should be more electron withdrawing
than the (CsF7)(tBu)pz ligand, the Ag ions in 3-5 and 9+Et20 are stronger Lewis acids than the Ag
ions in 6-8 and 10. Another possibility is that the (CFz)2pz ligand is a poorer reducing agent for

the Ag ions than the (CsF7)(tBu)pz ligand. Interestingly, the sublimation temperatures of 1 and 2
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are 120 to 130 °C at 0.2 Torr, which are in the same range as 3-6, 8, 9+Et20, and 10. Since volatility
generally decreases with increasing precursor molecular weight, it is possible that these trimeric
complexes sublime as monomers or dimers.

Table 8. Melting points, thermal decomposition temperatures, and sublimation temperatures for

1-10.
Complex Melting Point (°C) Decomposition (°C) Sublimation Temperature
(0.2 Torr)
1 235-238 277 130
2 184-186 245 120
3 114-117 203 130
4 96-98 293 140
5 101-102 233 120
6 107-109 180 120
7 88-91 160 decomposed
8 94-95 200 110
9Et,0 109-111 205 130
10 146-149 191 120

Precursor thermal properties were assessed by thermogravimetric analysis (TGA) and
differential thermal analysis (DTA). Figure 31 shows the TGA traces for 1, 3-5, and 9+(Et20). The
related TGA data for 2, 6-8, and 10 are shown in Figure 32. Most significantly, only 1 and 2 show
single step weight losses with approximately zero residual masses. The 10% weight loss
temperatures were 232 and 238 °C for 1 and 2, respectively. These temperatures approximate the
1 Torr vapor pressures at atmospheric pressure. Thus, 1 is slightly more volatile than 2, consistent

with the higher molecular weight of the latter. By contrast, 3-5, 9¢(Et,0), and 10 are much less
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volatile than 1 and 2, with 10% weight loss temperatures of >270 °C. Moreover, none of the NHC
complexes evaporates completely, and instead all decompose at >300 °C to afford nonvolatile
residues. Non-volatile residues in 4, 5, 9-Et>O, and 10 are roughly equal the percentage Ag in each
complex (4, 23%; 5, 22%; 9-Et,0, 26%; 10, 19%). However, non-volatile residues in 3, 6, 7, and

8 are higher than the percent of Ag in the complexes (3, 25%; 6, 21%; 7, 20%; 8, 19%).
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Figure 31. TGA plots of 1, 3, 4, 5, and 9-Et,0.



74

100

90

80

70

60

50

Weight (%)

40

30

20

10

50 100 150 200 250 300 350 400
Temperature (°C)

Figure 32. TGA Plots of 2, 6, 7, 8, and 10.

To explore the reactivity of these precursors, 5 and 8 were treated with reducing co-
reagents. In these reactions, a solution of 5 and 8 in toluene was treated with five equivalent of
each potential reducing reactant, as listed in Table 9. The reactions that did not show any color
changes or gas formation upon addition of the co-reactants were stirred at room temperature for
18 hours stirring and were then refluxed for 5 or 8 h. The solution was then cooled to room
temperature and the precipitate was collected. The residue was subjected to powder XRD to verify
the presence of metal. Both 5 and 8 are reactive towards several reducing agents such as aqueous
N2H4, 1,1-dimethylhydrazine, and formic acid. Selected powder XRD patterns observed for the

residues are shown in Figure 33-36. As shown, measured XRD patterns were matched to Ag metal.
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Table 9. Reactivity of 5 and 8 towards reducing agents in toluene.

Reducing agent

5

8

Aqueous NH2NH:2

Ag mirror, 23 °C, 5 min

Ag mirror, 23 °C, 5 min

Water

No reaction at 23 or 111 °C

No reaction at 23 or 111 °C

1,1-Dimethylhydrazine

Ag mirror, 23 °C, 18 h

Black solid, 23 °C, 18 h

Formic acid Black solid, 111 °C, 1 h Black solid, 111 °C, 1 h
tBuNH: Black solid, 111 °C, 18 h No reaction at 23 or 111 °C
1-Propanol No reaction at 23 or 111 °C No reaction at 23 or 111 °C

2-Propanol

No reaction at 23 or 111 °C

No reaction at 23 or 111 °C
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Figure 33. Powder XRD pattern from solution reduction of 5 + 1,1-dimethylhydrazine.
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Figure 34. Powder XRD pattern from solution reduction of 5 + formic acid.
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Figure 35. Powder XRD pattern from solution reduction of 5 + tBuNH..
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Figure 36. Powder XRD pattern from solution reduction of 8 + formic acid.
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3.3 Conclusions

Chapter three discussed the use of four different types of NHCs as strong Lewis bases to
synthesize monomeric silver pyrazolates. Monomeric precursors are preferred in ALD due to their
lower molecular weight and better volatility. Trimers 1 and 2 were selected as parent pyrazolates
because of their high volatility and thermal stability. Treatment of the trimers 1 and 2 with NHCs
afforded Ag(pz)(NHC) adducts, including monomers, dimers, and a tetramer. Solid state structures
showed a large amount of structural diversity, especially considering the similarities among the
ligands. Dimers have close Ag-Ag contacts that are consistent with argentophilic interactions. The
Ag-Ag distances in the monomers are too long to have argentophilic interactions. Silver pyrazolate
complexes containing NHC ligands have been reported.!’617818% Nevertheless, the previously
reported silver pyrazolate NHC adducts are not structurally similar to the complexes reported
herein.

The Ag(pz)(NHC) adducts are air, moisture, and light stable. Silver pyrazolate precursors
have not been used in any thermal or plasma ALD processes. Trimers 1 and 2 show similar
sublimation temperatures to Ag(pz)(NHC) adducts, raising the possibility that 1 and 2 may sublime
as monomers or dimers. Consequently, monomers, dimers, and trimers showed similar volatilities.
Trimers 1 and 2 evaporate completely without decomposition, and TGA traces showed single step
weight losses with approximately zero residual masses. All of the Ag(pz)(NHC) complexes
synthesized herein do not evaporate entirely and decompose at >300 °C to afford nonvolatile
residues. Trimers have higher thermal stabilities than most of the Ag(pz)(NHC) complexes.
Among NHC complexes, only 4 has higher thermal stability than its parent trimer 1. The thermal
properties of Ag(pz)(NHC) adducts can be compared with reported Ag ALD®%-102 gnd

CVDe&115123129  nrecyrsors. Ag precursors such as Ag(Piv)(PEts), Ag(hfac)(1,5-COD),
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Ag(hfac)(PMes), and Ag(fod)(PEts) have been widely used in Ag CVD and ALD studies. In almost
every case, TGA studies reveal that the precursors decompose at > 250 °C and leave residues
approximately similar to or higher than the amount of Ag in the complexes.®* A similar pattern of
TGA traces were observed for the complexes reported herein. The TGA trace of the recently
reported Ag(hmds)(NHC)® precursor is also similar to most of the Ag(pz)(NHC) described herein.
However, 3-5 and 9+Et,O contain (CFs3)2pz ligands have slightly higher thermal stabilities than
most of the available Ag(f-diketonate) phosphine or alkene adducts.

Liquid precursors are preferred in ALD and CVD since liquids have a constant surface
area, which gives constant gas phase precursor concentrations. Complexes 3-6, 8, and 9-Et,O have
melting points that are lower than the sublimation temperatures and are thus delivered from the
liquid state. These low melting points considered as an improvement over the trimers, which
sublime as solids. Reducing agents such as 1-propanol, tert-butyl hydrazine, and BH3(NHMe2)
have been used in Ag thermal ALD processes.?®1%-102 Nevertheless, solution reduction
experiments were poorly documented or were not carried out. The Ag(pz)(NHC) adducts showed
good reactivity towards several reducing agents, which was confirmed by the formation of Ag
metal in the solution.

Overall, NHCs were used to synthesize Ag(pz)(NHC) adducts with large structural
diversity. Ag(pz)(NHC) adducts showed similar volatility and solution reactivity to trimers.
However, Ag(pz)(NHC) adducts have poor thermal stabilities compared to trimers 1 and 2. ALD
experiments were not carried out using any of these Ag(pz)(NHC) precursors.

3.4 Experimental Section
General Considerations. The synthesis and manipulation of 3-10 were carried out under

argon, using either a glove box or Schlenk line techniques. Hexane was distilled from sodium,
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tetrahydrofuran and diethyl ether were distilled from purple solutions of sodium benzophenone
ketyl, and toluene was distilled from sodium. Anhydrous pentane was purchased from Sigma
Aldrich and was used as received. Silver oxide was purchased from Fischer Scientific. 3,5-
Bis(trifluoromethyl)pyrazole was purchased from Matrix Scientific. 2,2-Dimethyl-6,6,7,7,8,8,8-
heptafluoro-3,5-octanedione was purchased from TCI Chemicals. Hydrazine hydrate solution and
concentrated sulfuric acid were purchased from Sigma-Aldrich. The silver pyrazolates 1 and 2
were prepared according to literature procedures.'#-14? 3-tert-Buyl-5-heptafluoropropylpyrazole
was synthesized according to a literature procedure.%-1% Saturated and unsaturated carbenes were
prepared using published procedures,8-181

'H NMR and C{H} NMR spectra were obtained in deuterated benzene, chloroform,
toluene, or dimethyl sulfoxide as indicated and were referenced to the residual proton and carbon
resonance of the solvents. Melting points were determined on a Thermo Scientific Mel-Temp 3.0
digital melting point apparatus. TGA and DTA were carried out with a SDT 2960 TGA/DTA
instrument. Infrared spectra were obtained from SHIMADZU IRTracer-100. CHN microanalysis

was performed by Midwest Microlab, Indianapolis, IN.

Preparation of Ag-(3,5-CF3)pz(Me2NHC) (3). A 100-mL Schlenk flask was charged with
a magnetic stir bar, 1 (1.00 g, 1.07 mmol), and hexane (40 mL). To this stirred solution at ambient
temperature was slowly added a solution of 1,3-dimethyl-4,5-dimethyl-1H-imidazol-3-ium-2-ide
(0.399 g, 3.19 mmol) in hexane (30 mL). This solution was stirred at ambient temperature for 18
h. The volatile components were removed under reduced pressure and the resultant pale brown
colored solid was dissolved in diethyl ether (30 mL). The solution was filtered through a 2-cm pad
of Celite on a coarse glass frit, and concentrated to about 20 mL under reduced pressure. Hexane

(20 mL) was slowly added to the flask to form a separate layer on top of the diethyl ether layer.
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The flask was then placed in a 4 °C refrigerator for 24 h to allow solvent diffusion to occur. This
procedure afforded 3 as colorless crystals (0.604 g, 44%). X-ray quality crystals were obtained
from this crystallization process: mp 114-117 °C, dec. 203 °C; *H NMR (benzene-ds, 23 °C, §)
7.06 (s, 1 H, Pz-H), 2.69 (s, 6 H, N-CH3), 1.18 (s, 6 H, C-CHa); *C{*H} NMR (benzene-ds, 23
°C, ppm) 175.95 (s, C-Ag), 143.20 (g, CFsCN, 2Jcr = 35.1 Hz), 125.30 (s, C-CHs), 123.43 (q, CFs,
Lcr = 267.8 Hz), 102.46 (m, CH), 35.33 (s, N-CHs), 8.16 (s, C-CHs); IR (cm'™®) 2158 (w), 1502
(W), 1437 (W), 1343 (W), 1256 (m), 1109 (s), 1003 (m), 847 (m), 793 (m).

Anal. Calc for C12H13AgFsN4: C, 33.13; H, 3.01; N, 12.88. Found: C, 33.11; H, 2.99; N,
12.74.

Preparation of Ag-(3,5-CF3)pz(E?NHC) (4). In a fashion similar to the preparation of 3,
treatment of 1 (1.05 g, 1.13 mmol) with 1,3-diethyl-4,5-dimethyl-1H-imidazol-3-ium-2-ide (0.488
g, 3.20 mmol) afforded 4 as colorless crystals (0.705 g, 44%). X-ray quality crystals were grown
from hexane by slow evaporation at room temperature: mp 96-98 °C, dec. 293 °C; 'H NMR
(benzene-de, 23 °C, 8) 7.01 (s, 1 H, Pz-H), 3.20 (q, J = 7.4 Hz, 4 H, N-CH2CH3), 1.20 (s, 6 H, C-
CHs), 0.74 (t, J = 7.4 Hz, 6 H, N-CH,CHj3); *C{*H} NMR (benzene-ds, 23 °C, ppm) 174.46 (s,
C-Ag), 143.35 (g, CFsCN, ZJcr = 35.1 Hz), 124.62 (s, C-CHa), 123.23 (q, CF3, XJcr = 267.8 Hz),
102.64 (m, CH), 44.09 (s, N-CH2CHs), 16.65 (s, N-CH2CHs), 8.09 (s, C-CHa); IR (cm™) 2988 (w),
1504 (W), 1344 (m), 1252 (s), 1109 (s), 1005 (s), 806 (S).

Anal. Calc for C2sHzsAg2F12Ns: C, 36.30; H, 3.69; N, 12.09. Found: C, 33.89; H, 3.15; N,
11.62.

Preparation of Ag-(3,5-CF3)pz(""NHC) (5). In a fashion similar to the preparation of 3,
treatment of 1 (1.00 g, 1.07 mmol) with 1,3-diisopropyl-4,5-dimethyl-1H-imidazol-3-ium-2-ide

(0.580 g, 3.21 mmol) afforded 5 as colorless crystals (0.981 g, 62%). X-ray quality crystals were
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grown from hexane by slow evaporation at room temperature: mp 101-102 °C, dec. 233 °C; 'H
NMR (benzene-ds, 23 °C, 8) 7.03 (s, 1H, Pz-H), 3.79 (septet, J = 7.0 Hz, 2H, N-CH(CH3)2), 1.28
(s, 6H, C-CHa), 1.13 (d, J = 6.6 Hz, 6H, N-CH(CHs3)2); *C{*H} NMR (benzene-ds, 23 °C, ppm)
170.03 (s, C-Ag), 143.28 (g, CFsCN, 2Jce = 35.1 Hz), 124.47 (s, C-CHs), 123.64 (q, CF3, NJcr =
268.2 Hz), 102.82 (m, CH), 50.79 (s, N-CH(CHa)2), 23.93 (s, N-CH(CHs)2), 8.69 (s, C-CHa); IR
(cm™) 2986 (w), 1499 (w), 1369 (w), 1252 (s), 1113 (s), 1003 (s), 974 (m), 800 (m).

Anal. Calc for CieH21AgFsNa4: C, 39.12; H, 4.31; N, 11.41. Found: C, 39.31; H, 4.21; N,
11.42.

Preparation of Ag-(3-tBu,5-CsF7)pz(M&2NHC) (6). In a fashion similar to the preparation
of 3, treatment of 2 (1.05 g, 0.882 mmol and 1,3-dimethyl-4,5-dimethyl-1H-imidazol-3-ium-2-ide
(0.310 g, 2.49 mmol) afforded 6 as colorless crystals (0.630 g, 46%). X-ray quality crystals were
obtained by recrystallization from diethyl ether/hexane (1:1) at -30 °C: mp 107-109 °C, dec. 180
°C; 'HNMR (benzene-de, 23 °C, §) 6.85 (s, 1H, Pz-H), 2.70 (s, 6H, N-CH3), 1.63 (s, 9H, C(CH3)3,
1.17 (s, 6H, C-CH3); BC{*H} NMR (benzene-ds, 23 °C, &) 177.43 (s, C-Ag), 162.30 (s,
(CH3)3CCN), 139.66 (t, CF2CN, Jcr = 26.7 Hz), 124.87 (s, C-CHg3), 119.49 (qt, CFs, 1Jce = 272.8
Hz, 2Jcr = 30.9 Hz), 110.10 (m, CF.CN), 110.47 (m, CF2CF2CFs), 100.46 (s, CH), 35.16 (s, N-
CHa), 32.29 (s, C(CH3)3), 32.04 (s, C(CHs)s3), 8.18 (s, C-CH3); IR (cm™) 2953 (m), 1460 (w), 1388
(W), 1342 (m), 1202 (s), 1099 (s), 995 (M), 866 (S), 743 (5).

Anal. Calc for C17H22AgF7N4: C, 39.03; H, 4.24; N, 10.71. Found: C, 39.00; H, 4.18; N,
10.71.

Preparation of Ag-(3-tBu,5-C3F7)pz(E?NHC) (7). In a fashion similar to the preparation
of 3, treatment of 2 (0.500 g, 0.419 mmol) with1,3-diethyl-4,5-dimethyl-1H-imidazol-3-ium-2-ide

(0.192 g, 1.26 mmol) afforded 7 as a crystalline solid (0.071 g, 10 %): mp 88-91 °C, dec. 160 °C;
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'H NMR (benzene-ds, 23 °C, 8) 6.87 (s, 1H, Pz-H), 3.23 (g, J = 7.4 Hz, 4H, N-CH,CHs), 1.63 (s,
9H, C(CHs3)3, 1.19 (s, 6H, C-CHa), 0.75 (t, J = 7.0 Hz, 6H, CH2CHa); *C{*H} NMR (benzene-ds,
23 °C, 8) 175.69 (s, C-Ag), 162.21 (s, (CH3)sCCN), 139.78 (t, CF2CN, Jcr = 26.3 Hz), 124.41 (s,
C-CHs), 119.4 (qt, CFs, Jcr = 288.0 Hz, 2Jcr = 35.9 Hz), 110.32 (m, CF.CN), 109.91 (m,
CF2CF2CF3), 100.58 (s, CH), 43.89 (s, N-CH2CHs, 32.14 (s, C(CHs)s3), 31.87 (s, C(CHs)s3), 16.67
(s, N-CH2CHs), 8.13 (s, C-CH3); IR (cm™) 2968 (m), 1504 (w), 2349 (m), 1464 (m), 1369 (m),
1346 (s), 1203 (s), 1091 (s), 970 (w), 868 (s).

Anal. Calc for C1oH26Ag1F7N4: C, 41.40; H, 4.75; N, 10.16. Found: C, 41.23; H, 4.89; N,
10.08.

Preparation of Ag-(3-tBu, 5-C3F7)pz("P""?NHC) (8). In a fashion similar to the preparation
of 3, treatment of 2 (0.500 g, 0.420 mmol) with 1,3-diisopropyl-4,5-dimethyl-1H-imidazol-3-ium-
2-ide (0.230 g, 1.28 mmol) afforded 8 as colorless crystals (0.589 g, 81%). X-ray quality crystals
were grown from hexane by slow evaporation at room temperature: mp 94-95 °C, dec. 200 °C; H
NMR (benzene-ds, 23 °C, ) 6.87 (s, 1H, Pz-H), 3.93 (septet, J = 6.6 Hz, 2H, N-CH(CHz)2), 1.63
(s, 9H, C(CHs)3), 1.32 (s, 6H, C-CH3), 1.15 (d, J = 6.6 Hz, 6H, N-CH(CH3)2); ¥C{*H} NMR
(benzene-ds, 23 °C, ppm) 162.43 (s, (CH3)3CCN), 139.55 (t, CF2CN, Jcr = 26.3 Hz ), 124.32 (s,
C-CHs), 116.95 (qt, CFs, Ycr = 251.4 Hz, 2Jcr = 32.0 Hz), 110.41 (m, CF.CN), 110.04 (m,
CF,CF.CF3), 100.60 (s, CH), 51.50 (s, N-CH(CHa)2), 32.29 (s, C(CHs)3), 31.94 (s, C(CHs)s3),
23.45 (s, N-CH(CHz)2), 8.84 (s, C-CH3); IR (cm'®) 2961 (m), 1398 (m), 1367 (m), 1331 (m), 1223
(s), 1173 (s), 1103 (s), 993 (m), 867 (s), 744 (m).

Anal. Calc for C21Hz0AgF7N4: C, 43.54; H, 5.22; N, 9.67. Found: C, 43.82; H, 5.04; N,

9.70.
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Preparation of Agz(3,5-CF3)2pz(®?“NHC)Et20 (9-Et20). In a fashion similar to the
preparation of 3, treatment of 1 (1.03 g, 1.10 mmol) with 1,3-di-tert-butylimidazolidine (0.608 g,
3.33 mmol) afforded 9 as colorless, X-ray quality crystals (0.472 g, 29%): mp 109-111 °C, dec.
205 °C; *H NMR (benzene-ds, 23 °C, 8) 6.82 (s, 1H, Pz-H), 3.28 (q, 4H, CH3CH2-0), 2.51 (s, 4H,
-CH,), 1.12 (t, 6H, CH3CH,-0), 1.08 (s, 18H, N-C(CHz3)s; *C{*H} NMR (benzene-dg, 23 °C,
ppm) 174.57 (s, C-Ag), 143.73 (g, CFsCN, 2Jcr = 35.9 Hz), 122.38 (q, CFs, "Jcr = 268.2 Hz),
102.97 (m, CH), 65.92 (s, CH3CH»-0-), 54.92 (s, N-CHy-), 45.47 (s, N-C(CHa)3), 30.43 (s, N-
C(CHs)3), 15.59 (s, CHaCH2-0-); IR (cm™®) 2980 (w), 1543 (m), 1435 (m), 1367 (m), 1256 (s),
1111 (s), 1009 (s), 802 (s), 756 (m).

Anal. Calc for CseHsgAgaF24N12: C, 32.84; H, 3.47; N, 9.98. Found: C, 32.92; H, 3.33; N,
10.03.

Preparation of Ag-(3-tBu,5-C3F7)pz(B¥?NHC) (10). In a fashion similar to the
preparation of 3, treatment of 2 (0.517 g, 0.434 mmol) with 1,3-di-tert-butylimidazolidine (0.237
g, 1.29 mmol) afforded 10 as colorless crystals (0.123 g, 17%): mp 146-149 °C, dec. 191 °C; H
NMR (benzene-ds, 23 °C, ) 6.81 (s, 1H, Pz-H), 2.56 (s, 4H, -CHy>), 1.58 (s, 9H, C(CH3)3, 1.14 (s,
18H, N-C(CHs)3; BC{*H} NMR (benzene-ds, 23 °C, ppm) 162.02 (s, (CH3)sCCN), 139.98 (t,
CF2CN, Jcr = 25.18 Hz), 119.20 (qt, CFs, YJcr = 288.0 Hz, 2Jcr = 31.3 Hz), 110.06 (m, CF2CN),
109.69 (m, CF2CF,CF3), 101.11 (s, CH), 55.02 (s, N-CHa-), 45.57 (s, N-C(CHa)s), 31.96 (s,
C(CHs)3), 31.56 (s, C(CHs)s), 30.56 (s, N-C(CHa)s); IR (cm™) 2963 (w), 1479 (m), 1435 (w), 1342
(m), 1204 (s), 1099 (s), 997 (m), 869 (s), 777 (M), 742 (s).

Anal. Calc for C21H32AgF7N4: C, 43.40; H, 5.55; N, 9.64. Found: C, 43.17; H, 5.30; N,

9.60.
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CHAPTER 4
SYNTHESIS AND CHARACTERIZATION OF THERMALLY STABLE AND
VOLATILE N-HETEROCYCLIC CARBENE SILVER DIKETONATE PRECURSORS

4.1 Introduction

Ag(p-diketonate) alkene and phosphine adducts have been widely used in Ag metal CVD
and ALD studies. Thermal and plasma ALD processes were performed using Ag(/-diketonate)
precursors such as (hfac)Ag(1,5-COD), Ag(hfac)PMes, Ag(thd)PEts, Ag(Piv)PEts, and
Ag(fod)PEt3.6496:98-100.102 The alkene-based precursor (hfac)Ag(1,5-COD) has very low thermal
stability, due to loss of the COD ligand at or below the sublimation temperature to afford non-
volatile Ag(hfac), species.?®® Among phosphine based precursors, Ag(fod)PEts has been
extensively employed in Ag metal ALD processes due to its promising precursor properties,5496:102
Thermogravimetric analysis (TGA) of Ag(fod)PEts suggested that it should be thermally stable at
least up to 230 °C.54 However, ALD experiments revealed that precursor decomposition occurs
above 140 °C due to the observation of non-uniform film thicknesses.®* Neutral donor ligands such
as phosphines could also easily dissociate from the metal complexes, thus giving a low-
temperature decomposition pathway. Thermal ALD requires highly thermally stable precursors to
achieve self-limited growth. However, the Ag ion has a very positive electrochemical potential (E°
(Ag* +e « Ag)=0.7996 V) and Ag(l) in the complexes can easily be reduced into Ag metal by
the anionic ligands. Therefore, it is a challenge to prepare highly thermally stable Ag metal
precursors.

Chapter 3 explained the syntheses, structure, and precursor properties of a series of
Ag(pyrazolate)(NHC) complexes. Solid state structures of Ag(pyrazolate)(NHC) complexes
showed considerable diversity, including dimers, monomers, and a tetramer. Ag-C(carbene) bond

lengths in these complexes varied from 2.051-2.093 A, demonstrating strong coordination of
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NHCs to the Ag(l) ions. Chapter 4 discusses the syntheses, structure, and thermal properties of
Ag(diketonate)(NHC) adducts. Five different f-diketonate ligand precursors were chosen,
including 1,1,1,5,5,5-hexafluoroacetylacetone (Hhfac), 1,1,1,2,2,3,3-heptafluoro-7,7-
dimethyloctane-4,6-dione (Hfod), 2,2,6,6-tetramethylheptane-3,5-dione (Hthd), 1,1,1-trifluoro-
5,5-dimethylhexane-2,4-dione (Hpta), and 1-(2-thienoyl)-3,3,3-trifluoroacetone (Htta). The parent
Ag diketonates are shown in Chart 7. Electron-withdrawing fluorinated substituents were
introduced to decrease the electron density on the diketonate ligand. The alkyl or fluorinated
groups on the p-diketonate ligands lower the intermolecular attractions between individual
molecules, thereby increasing the volatilities. The unsaturated carbene PNHC and saturated
carbene BY2NHC were used for the preparation of monomeric Ag(diketonate)(NHC) adducts.

Chart 8. Silver diketonates.

C(CH3)s3
O—=
s
Ag\
0=
CF,CF,CF3
Ag(fod)
C(CH3)3
O:<<~
/ N
Ag\ B
(6]
CF,
Ag(pta)

4.2 Result and Discussion

Synthetic Aspects. Two different NHCs were chosen, the unsaturated carbene P?NHC
and saturated carbene ®BY2NHC. These ligands were prepared by reported methods.*8%8! Five
different silver diketonates (Ag(hfac), Ag(fod), Ag(thd), Ag(pta), and Ag(tta)) were synthesized

using previously reported procedures.®4201-202 Treatment of the silver-diketonate complexes with
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the carbenes resulted in the new complexes 11-18 as colorless crystalline solids in 20-48% yields
(equations 3 and 4). A one-pot synthesis route employing Ag-0, carbene, and a diketone resulted
in 19 and 20 as stabilized carbenium ions with anionic diketonates (equation 5). All reactions were
carried out under an argon atmosphere. However, isolated crystalline solids were all stable
indefinitely in ambient atmosphere. Several attempts at purifying Ag(tta)(P>NHC) and
Ag(tta)(B>’NHC) were unsuccessful. Preliminary *H NMR spectroscopy data of these complexes
suggested the presence of [P?NHC][tta] and [®“°NHC][tta], along with Ag(tta)(">NHC) and
Ag(tta)(B’NHC). These mixtures could not be separated by crystallization from solvents, since
both the silver complex and the organic compound appeared to have similar solubilities.

Accordingly, these compounds were not pursued further.

R iPr

0- Me.__N
m Ag. ) +n :[N>: THF 3
oz Me— N 23°C, 1h
R iPr . Me
R
iPr\N)yMe
R‘C(l) /XN\iPr iPr R
iPr, S~ Ag-0 MesN P=
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Me i ) '
|PrO>JRR
m=1,n=1

Rl
12, R = C5F5, R' = tBu, 37%
m=3,n=2 13, R = R' = tBu, 20%
11,R=R'=CF3 51% 14, R = CF3, R' = tBu, 48%
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18, R = CF3, R' = tBu, 41%
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23 °C 18 h N -0
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iPr iPr

19, R =R'=CF3,7%
20, R = R' = tBu, 49%

Complexes 11-20 were characterized by spectral and analytical methods. Furthermore,
crystal structures of 11, 13-16, and 18-20 were determined. The solid state structures are described
below. All complexes are diamagnetic and were subjected to *H and **C{*H} NMR analyses. The
IH NMR spectrum of crystalline 11 showed resonances for the carbene and the diketonate ligands
with a 2:3 integration. The NMR spectra of all other metal complexes showed one type of
diketonate and carbene ligands at 23 °C. The *H NMR spectra of crystalline 19 and 20 showed an
extra proton resonance at 10.96, and 13.06 ppm, respectively. These protons correspond to the
imidazolium-H atoms in 19 and 20. During the synthesis of 17 and 18, minor resonances were also
observed in the crude product mixtures that might correspond to analogues of 19 and 20. However,
these minor compounds could not be crystallized in pure form and were thus not characterized.
NMR samples of 11, 12, 17, and 18 showed the formation of silver metal on the walls of the NMR
tube after standing for several days. Compounds 11-18 need to be crystallized within 24-48 h from

solvents to obtain colorless crystals. Longer crystallization times give brown-colored crystals. This
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observation could be due to slow decomposition of the crude materials in solutions. The carbene
carbon atom resonances in the *C{*H} NMR spectra of 11-14 and 15-18 were observed as broad
signals in the range of 166.29-176.83 and 204.33-206.33 ppm, respectively. *C-172%Aqg coupling
was not observed, suggesting rapid exchange of the carbene ligands at 23 °C.1"3182-18 For instance,
carbene carbon atom of Ag(1,3-diphenyl-1,3-propanedionate)(**’NHC) had a resonance of 179.4
ppm and *C-171%Ag coupling was not observed.'®3

X-Ray Crystal Structures. The X-ray crystal structures of 11, 13-16, and 18-20 were
obtained to determine the solid state configurations. The crystallographic data are summarized in
Tables 10-12, while selected bond distances and angles are shown in Tables 13 and 14. Figures 37-
44 show representative perspective views of 11, 13-16, and 18-20. Complex 11 forms a trimer,
whereas 13-16 and 18 crystallized as monomers. Complex 11 contains three diketonate ligands
coordinated to each Ag atom with two carbene ligands on the terminal Ag ions.

Complex 11 crystallizes as a trimeric complex, as shown in Figure 37. There are two
crystallographically independent molecules present in the unit cell of 11. Each Ag atom in the
complex is bonded to a k>-diketonate ligand. Additionally, there are two p»-bridging carbene
ligands, each of which is coordinated to the central Ag ion and a terminal Ag ion. The Ag-Ag
distances in 11 are 2.7076(3), 2.7313(3), and 3.3446(3) A, which are consistent with argentophilic
interactions because Ag-Ag distances are shorter than twice the van der Waals radius for the Ag
atom (3.44 A).'916 The Ag-O distances are 2.328(2) (AglA-Ol1A), 2.187(2) (AglA-O2A),
2.351(2) (Ag2A-03A),2.357(2) (Ag2A-04A), 2.184(2) (Ag3A-0O5A), and 2.341(2) (Ag3A-0O6A)
A. Two diketonate ligands in 11 have asymmetric Ag-O bond lengths to the Ag ions (AglA-O1A
2.328(2); AglA-O2A 2.187(2) A and Ag3A-O5A 2.184(2); Ag3A-O6A 2.341(2) A) while one

diketonate ligand has symmetric Ag-O bond lengths to the Ag ion (Ag2A-O4A 2.351(2); Ag2A-
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03A 2.356(2) A). Asymmetric Ag-O bond lengths are very common in Ag-diketonate
complexes.®* The Ag-C bond lengths are 2.124(2) (AglA-C1A), 2.360(2) (Ag2A-C1A), 2.119(2)
(Ag3A-C27A),and 2.381(2) (Ag2A-C27A). The Ag-C bond lengths to Ag2 A are longer than those
to Agl A and Ag3A because of the higher coordination number at Ag2A (6-coordinate) compared
to Agl A and Ag3A (4-coordinate). Therefore, the Ag-C bonds to Ag2A should be weaker than Ag-

C bonds to Agl A and Ag3A.
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Figure 37. Perspective view of 11 with thermal ellipsoids at the 50% probability level.
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Complexes 13, 14, 15, 16, and 18 crystallize as monomers with very similar bond distances
and angles (Figures 38-42). Ag-Ag bond distances (13, 6.132; 14, 5.799; 15, 6.889; 16, 10.883;
18, 10.171 A) are much longer than twice the van der Waals radius for the Ag atom (3.44 A).!6°
Accordingly, argentophilic interactions were not observed in any of these complexes. The Ag-C
bond lengths (13, Agl-C12 2.064(2); 14, Agl-C1 2.072(2); 15, Agl1-C10 2.096(3); 16, Agl-Cl
2.090(2); 18, Agl1-C1 2.089(2) A) are identical within experimental uncertainty. The Ag-C bond
lengths observed in 13, 14, 15, 16, and 18 are identical to Ag-C bond distances observed in 11
(AglA-C1A 2.124(2); Ag3A-C27A 2.119(2) A). The diketonate ligands in 13, 14, 15, 16, and 18
have asymmetric Ag-O bond lengths (13, AglA-O1A 2.198(1) and Agl A-O2A 2.283(1) A; 14,
AglA-O1A 2.268(1) and AglA-O2A 2.272(1) A; 15, AglA-O1A 2.277(2) and AglA-O2A
2.303(3) A; 16, AglA-O1A 2.174(1) and AglA-O2A 2.367(1) A; 18, AglA-O1A 2.228(1) and
AglA-O2A 2.296(1) A). However, C-O bond distances (1.242-1.267 A) in the diketonate have no
significant difference. The C-C bond distances between the carbon atoms in the diketonate
backbone are also approximately the same (1.371-1.428 A). Therefore, the charges of the
diketonate ligands are delocalized well. The ””NHC ligands in 13 and 14 are located on the same
plane with the silver(8-diketonate) plane. However, ®*’NHC ligands in 15, 16, and 18 are slightly
twisted from the silver(S-diketonate) plane. The carbene ligands try to be coplanar with the
diketonate ligands to reduce the steric hindrance. This is favorable in unsaturated carbenes having
a C=C backbone. The sum of the bond angles around the Ag ions in 13, 14, 15, 16, and 18 (~359.9°)
are close to 360°, which is consistent with distorted trigonal planar geometry around Ag ion in

each complex.
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Figure 38. Perspective view of 13 with thermal ellipsoids at the 50% probability level.
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Figure 40. Perspective view of 15 with thermal ellipsoids at the 50% probability level.
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Figure 41. Perspective view of 16 with thermal ellipsoids at the 50% probability level.
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The solid state structures of 19 and 20 revealed protonated NHCs with S-diketonate anions
(Figures 43 and 44). In 19 and 20, the NHC and f-diketonate ions are located in different planes.
There are hydrogen bonding interactions observed in both of these complexes. In 19, the HeeeO
bond distances are 2.344 and 2.444 A. He++O bond distances of 2.187 and 2.274 A are observed in
20. These hydrogen bonding interactions stabilize the carbenium ion with the diketonate anion in
the solid state. Complexes 19 and 20 can be compared with previously reported imidazolium
cyclopentadienides.’®® The reaction of imidazolium with both [Cp.Ti"'Cl]> and CpLi afforded
[NHCPPPH]'[Cp]” where NHCPPP = PZNHC 2% The solid state structure reveals the imidazolium
proton directed at the Cp ring and involves C-H---Cp™ (2.171A) hydrogen bonding. However, in
solution [NHCPPPH]'[Cp.Ti™'CL,]" dissociates to NHCP™ and cyclopentadienide through
intramolecular proton transfer.?® In another study, P?NHC was treated with cyclopentadienes to
obtain similar imidazolium cyclopentadienides.?’* The carbene acts as a Bronsted base and
deprotonates the cyclopentadiene to give imidazolium cyclopentadienides.?** They have been used

as Cp transfer reagents in different cyclopentadienyl transition metal complexes.
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Figure 43. Perspective view of 19 with thermal ellipsoids at the 50% probability level.
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Figure 44. Perspective view of 20 with thermal ellipsoids at the 50% probability level.
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The monomeric Ag(f-diketonate) crystal structures obtained herein can be compared with
data from previously reported Ag(f-diketonate) phosphine and NHC adducts. The Ag(p-
diketonate)NHC adducts such as Ag(1,3-diphenyl-1,3-propanedionate)(¥*’NHC) and Ag(1,3-
dimethylacetonate)(™*>NHC) have been reported.!32% The Ag-C bond length of Ag(1,3-diphenyl-
1,3-propanedionate)(M’°NHC) is 2.085(10) A.'®* This distance is very similar to the observed Ag-
C bond distances of 11, 13-16, and 18. The Ag-C bond lengths obtained herein are also similar to
the related distances in bis(1,3-dimesitylimidazole-2-ylidene)Ag(l) triflate.!”> Previously reported
Ag(1,3-diphenyl-1,3-propanedionate)(**’NHC) is a dimer in the solid state, and has a Ag-Ag
distance of 3.000 A between two molecules. Complexes 13, 14, 15, 16, and 18 are monomers with
no Ag-Ag interactions in their solid state structures. The formation of monomeric structures may
be driven by the steric bulk of the substituents on the carbene and diketonate ligands. Previously
reported Ag(f-diketonate) phosphine adducts show Ag-P bond lengths that varied from 2.311-
2.346 A S124130.132 Vst of the reported Ag(f-diketonate) phosphine complexes are dimers in the
solid state that contains Ag-Ag or Ag-O(f-diketonate) interactions. There are no Ag-Ag
interactions in Ag(fod)(PEts) and the Ag-Ag distance is 3.490 A.®* However, the S-diketonate
ligand coordinated to one Ag atom shares one oxygen atom with the second Ag atom. The Ag-O
bond distance is 2.319(5) A. This distance is within the sum of the van der Waals radii for Ag and

0 (~3.24 A).1#"
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Table 10. Experimental crystallographic data for 11, 13, and 14.

formula

fw

space group
a (A)

b (A)

c(A)

V (A%

Z

T (K)

2 (A)

pealc (gem’®)
 (mm™)
R(F)* (%)

Rw(F)° (%)

11

Cu148H17.2A01.2F72N1602.4

522.14

C2lc
49.928(2)
13.6164(7)
21.6390(12)
13860.8(13)
30

100.1
0.71073

1.877
1.379
2.71

5.56

13

471.42
Pbca
18.2399(9)
13.8866(7)
18.5341(8)
4694.5(4)
8

100.1
0.71073

1.334
0.876
2.43

5.52

C22H39AgN20-

14

C19H30AgF3N202

483.32
P21/n
8.7875(8)
18.6589(17)
13.2918(12)
2153.8(3)

4

100.0
0.71073

1.490
0.976
2.52

5.71

aR(F) = ZIFol - IFcI/ZIFol. PRw(F?) = [Zw(Fo>-Fc2)2/Ew(Fo2)?]2.
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Table 11. Experimental crystallographic data for 15, 16, and 18.

formula

fw

space group
a(A)

b (A)

c(A)

V (A%

z

T (K)

A (A)

Pealc (gem’™)
 (mm-?)
R(F)* (%)

Rw(F)® (%)

15

Ci6H23AgFsN202

497.23
P2i/c
19.2077(15)
11.5016(9)
19.6575(16)
3871.4(5)

8

100
0.71073

1.706

1.110
3.77

8.73

16

Ca1H32AgF7N202

585.35
P2i/c
11.9608(7)
9.9586(6)
20.7907(13)
2457.5(3)

4

100.0
0.71073

1.582

0.893
2.24

5.25

18

Ci9H32AgF3N202

485.33
P-1
9.8373(9)
10.1710(10)
12.5362(12)
1077.53(18)
2

100
0.71073

1.496

0.976
2.82

5.87

2R(F) = EIFo - IF/ZIFol. PRw(F?) = [EW(Fo2-F )2 Ew(Fe2)2] 2.
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Table 12. Experimental crystallographic data for 19 and 20.

formula

fw

space group
a(A)

b (A)

c(A)

V (A%)

Z

T (K)

2 (A)

peale (gem™®)
g (mm)
R(F)* (%)

Rw(F)° (%)

19

Ci6H22FsN202

388.35
P2:12121
8.6919(5)
12.1160(6)
17.7694(10)
1871.31(18)
4

100.1
0.71073

1.378

0.131
4.01

8.54

20

C22H40N20>

364.56
P2i/c
13.1822(6)
10.0295(4)
17.4584(8)
2245.83(17)
4

100.1
0.71073

1.078
0.068
4.17

9.92

2R(F) = BIFol - IFGl/ZIFol. "Ru(F?) = [EW(Fo2-F A/ EW(Fod) M2



Table 13. Selected bond lengths (A) and angles (deg) for 11, 13, and 14.

Ag-O (A) Ag-C (A) C-Ag-O (°) 0-Ag-O (°)

11 | AglA-O1A Ag2A-C1A C1A-AglA-O1A | O1A-AglA-O2A
2.328(2) 2.360(2) 113.73(7) 83.35(6)
AglA-O2A Ag2A-C27A | CIAOAQGLA-O2A | O3A-Ag2A-O4A
2.187(2) 2.381(2) 162.88(7) 78.94(6)
Ag2A-03A AglA-C1A C1A-Ag2A-O3A | O5A-Ag3A-O6A
2.350(2) 2.124(2) 82.24(7) 82.42(6)
Ag2A-04A Ag3A-C27A | C1A-Ag2A-O4A
2.356(2) 2.119(2) 110.57(7)

Ag3A-O5A C27A-Ag3A-O5A
2.183(2) 164.36(7)
Ag3A-06A C27A-Ag3A-06A
2.341(2) 113.13(7)
C27A-Ag2A-03A
112.48(7)
C27A-Ag2A-0O4A
84.75(7)

13 | AglA-O1A Agl-C12 C1-Agl-01 01-Ag-02
2.199(1) 2.064(2) 147.22(6) 78.66(5)
AglA-0O2A C1-Agl-02
2.283(1) 134.00(6)

14 | AglA-O1A Agl-C1 C1-Agl-O1 01-Ag-02
2.269(1) 2.072(2) 141.78(5) 77.98(4)
AglA-0O2A C1-Agl02
2.272(1) 140.17(5)




Table 14. Selected bond lengths (A) and angles (deg) for 15, 16, and 18.

Ag-O (A) Ag-C (A) C-Ag-O (°) 0-Ag-O (%)

15 |AglA-OIA | Agl-Cl0 C1-Agl-01 01-Ag-02
2.277(2) 2.096(3) 142.0(1) 79.46(9)
AglA-O2A | Ag2-C28 C1-Ag102 03-Ag2-04
2.303(3) 2.094(4) 138.5(1) 79.28(9)

C28-Ag2-03
134.9(1)
C28-Ag2-04
145.7(1)

16 | AgIA-OIA | Agl-Cl C1-Agl-01 01-Ag-02
2.174(1) 2.090(2) 159.46(5) 80.46(4)
AglA-O2A C1-Agl-02
2.367(1) 119.91(5)

18 | AglA-OIA |Agl-Cl C1-Agl-01 01-Ag-02
2.228(1) 2.089(2) 146.00(6) 80.19(5)
AglA-O2A C1-Agl-02
2.296(1) 133.69(6)
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Thermal Properties. The melting points, thermal decomposition temperatures, and
sublimation data for 11-18 are shown in Table 15. The sublimation temperatures of 12-16 and 18
range from 100-124 °C at 0.2 Torr. Complexes 12, 14, 16, and 18 have melting points that are
lower than their sublimation temperatures. Therefore, a constant vapor delivery can be obtained
from the uniform surface of liquids. Liquid precursors have a constant surface area, and hence
constant gas phase precursor concentrations are obtained. However, the surface areas of solid
precursors can change depending up loading and solids can create particles. Complexes 11 and 17
decomposed during the sublimation experiments. The decomposition temperatures of 11-18 vary
from 141-188 °C. Complexes 15, 16, and 18 showed higher decomposition temperatures (180 to
188 °C) than 11-14, and 17 (141 to 169 °C). The presence of two trifluoromethyl substituents on
the diketonate ligand in 15 decreases the electron density on Ag ion, thereby increase the Lewis
acidity. Electron-withdrawing ligands prevent the Ag(l) ion by the reduction and stabilize in the
complex. Consequently, the highest thermal decomposition temperature in the series was observed
for 15. However, the thermal decomposition temperature of 11 is still lower than 15 due to the
weakly coordinated NHCs, as observed in solid state structure. Thermal decomposition may
involve dissociation of the NHC ligands. Tert-butyl groups enhance the electron density on the
diketonate ligands and decrease the thermal stability of Ag(l) in the metal complex. The hfac ligand
is less electron rich than the thd ligand, resulting a higher thermal stability in 15 than 17. The
thermal stabilities of these complexes can be compared with reported phosphine adducts. Thermal
decomposition temperatures of selected Ag(s-diketonate) phosphine adducts are 170 °C for
Ag(hfac)(PEts), 128 °C for Ag(hfac)(1,5-COD), 140 °C for Ag(fod)(PEts), and 200 °C for
Ag(hfac)(PMes).2%® Complex 15 has higher thermal stability than analogous phosphine and alkene

adducts of Ag(hfac)(PEts), Ag(fod)(PEts), and Ag(hfac)(1,5-COD). Previously reported
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Ag(fod)(PEts) has lower thermal stability than the analogous precursors of 12 and 16 reported

herein.

Table 15. Melting points, thermal decomposition temperatures, and sublimation temperatures for

Complex Melting Point [%iééﬁ;position Sublimation Temperature
(°C) (°C) (0.2 Torr)
11 167-169 169 Decomposed
12 87-89 160 119
13 165-168 168 100
14 91-93 143 114
15 138-141 188 105
16 98-101 180 124
17 145-147 141 Decomposed
18 98-102 180 120

TGA determinations were carried out to understand the behavior of 11-18 upon heating.
TGA plots of 11-18 are shown in Figures 45 and 46. TGAs showed that none of these NHC
complexes evaporated completely, instead all decomposed at >250 °C to afford non-volatile
residues. The TGA plot of 11 showed a two-step weight loss; the first step is due to the elimination
of the ”?NHC ligands, and the second step is due to the elimination of two hfac ligands. The
residual mass (39%) is higher than the percent of Ag in the complex (25%). Non-volatile residues
obtained in 13 (24%), 14 (21%), 16 (20%), 17 (23%), and 18 (20%) are equal to the percentage

Ag in each complex (13, 23%; 14, 22%; 16, 18%; 17, 23%; 18, 22%). However, non-volatile
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residues in 12 (31%) and 15 (27%) are higher than the percent of Ag in the complexes (12, 19%;

15, 22%).
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Figure 45. TGA traces of 11-14.

100

. —15
80 -~

. —16
70 ~
—17

60
_ —138

50 +

Weight (%)

40 -
30
20 -

O T T T T T T T T T T 1
50 100 150 200 250 300 350 400
Temperature (°C)

Figure 46. TGA traces of 15-18.
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4.3 Conclusions

The Ag(diketonate)(NHC) adducts reported herein include a trimer (11) and monomers
(13, 14, 15, 16, and 18). The trimer contains close Ag-Ag interactions, while the monomers have
no Ag-Ag interactions. Selected Ag complexes containing f-diketonate and NHCs such as Ag(1,3-
diphenyl-1,3-propanedionate)(M*’NHC) and Ag(1,3-dimethyl acetonate)™*’NHC) have been
previously reported.'®*2%° For instance, Ag(1,3-diphenyl-1,3-propanedionate)(M*’°NHC) is a dimer
in the solid state. In the dimer, the carbene and the diketonate ligands arrange in a head-to-tail
manner with argentophilic interactions. The Ag-Ag distance in Ag(1,3-diphenyl-1,3-
propanedionate)(**’°NHC) (3.00 A)'®3 is shorter than twice the van der Waals radius for the Ag
atom (3.44 A).!% Preparation of Ag(f-diketonate) is necessary before treatment with the NHCs,
because the one-pot synthesis using AgoO, NHC, and diketonate resulted in salts 19 and 20
containing stabilized carbenium ions with diketonate anions in the solid state. Previously reported

imidazolium cyclopentadienides®®*-2%

are comparable to the stabilized carbenium ions with
diketonate anions (19 and 20) reported herein.

All of the Ag(s-diketonate)(NHC) complexes synthesized herein do not evaporate entirely
and decompose at >250 °C to afford nonvolatile residues. TGA traces obtained for 11-18 were
compared with the TGA traces of reported Ag(s-diketonate) phosphine adducts.®* TGA studies of
most of the available precursors, including Ag(thd)(PEts), Ag(Piv)(PEts), Ag(hfac)(PMes), and
Ag(fod)(PEts) revealed the compounds decomposed and left non-volatile residues. Among the
NHC complexes, 15 showed the highest thermal stability in the series. The presence of
trifluoromethyl substituents decreases the electron density on the f-diketonate ligand. The less

electron rich hfac ligand in 15 increases the Lewis acidity of Ag(I) in the complex. Therefore,

Ag(I) is stabilized by the electron-withdrawing anionic hfac ligand. In contrast to trifluoromethyl
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substituents, fert-butyl substituents increase the electron density on the fS-diketonate ligand.
Therefore, the thd ligand is more electron rich and decreases the stability of Ag(I) in the complex.
In the Ag(f-diketonate)(NHC) series, 17 showed the lowest thermal stability, which is consistent
with the presence of the electron-rich thd ligand. Liquid precursors are preferred in ALD and CVD
because liquid precursors offer a constant vapor pressure, whereas the vapor pressure of solids can
change with the surface area of the precursor and the amount of precursor in the reservoir. Among
Ag(fS-diketonate)(NHC) adducts 12, 14, 16, and 18 have melting points that are lower than their
sublimation temperatures. Therefore 12, 14, 16, and 18 sublime as liquids.

Ag(f-diketonate)(NHC) adducts can be compared with Ag(pz)(NHC) adducts and trimers
(1 and 2) reported in Chapter 3. Complexes 12-16 and 18 have similar volatilities to 1 and 2 and
Ag(pz)(NHC) adducts (3-6, 8, 9-Et;0, and 10). The thermal stabilities of 11-18 are lower than the
thermal stabilities of 1-8, 9-Et>O, and 10. However, thermal decomposition temperatures of 11-18
are slightly higher or comparable to the reported Ag(f-diketonate) phosphine adducts such as
Ag(hfac)(PEts) (170 °C), Ag(hfac)(1,5-COD) (128 °C), Ag(fod)(PEt;s) (140 °C), and
Ag(hfac)(PMes) (200 °C).2%
4.4 Experimental Section

General Considerations. The syntheses and manipulations of Ag complexes were carried
out under argon, using ether a glove box or Schlenk line techniques. Hexane and toluene were
distilled from sodium, and tetrahydrofuran and diethyl ether were distilled from purple solutions
of sodium benzophenone ketyl. The Hpta, Hhfac, and Htta ligands were obtained from Sigma-
Aldrich. The Hfod ligand was purchased from TCI chemicals. The Hthd ligand was purchased
from Oakwood Chemicals. Silver oxide was purchased from Fischer Scientific. Silver nitrate was

purchased from Sigma-Aldrich. Ag(diketonates), Aga(hfac)s(THF),201292  Ag(fod),** and
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Ag(thd)®*? were prepared according to the literature procedures. Ag(pta) and Ag(tta) were
synthesized using a similar procedure used to synthesized for Ag(fod). The unsaturated carbene
IPrZNJHC and saturated carbene BY2NHC were prepared using published procedures, 8184

'H NMR and *C{H} NMR spectra were obtained in deuterated benzene-ds, chloroform-
d, toluene-ds, or dimethyl sulfoxide-ds as indicated and were referenced to the residual proton and
carbon resonances of the solvents. Melting points and decomposition temperatures were
determined on a Thermo Scientific Mel-Temp 3.0 digital melting point apparatus. TGA and DTA
were carried out with a SDT 2960 TGA/DTA instrument. Infrared spectra were obtained from a
SHIMADZU IRTracer-100. CHN microanalyses were performed by Midwest Microlab,
Indianapolis, IN.

Preparation of Ags(hfac);("?NHC)z (11). A 100 mL Schlenk flask was charged with a
magnetic stir bar, Ags(hfac)4(THF), (1.00 g, 0.712 mmol), and THF (30 mL). To this stirred
solution at ambient temperature was slowly added a solution of 1,3-diisopropyl-4,5-dimethyl-1H-
imidazol-3-ium-2-ide (0.518 g, 2.84 mmol) in THF (20 mL). This solution was stirred at ambient
temperature for 1 h. The volatile components were removed under reduced pressure and the
resulting pale brown paste was dissolved in diethyl ether (40 mL). The solution was filtered
through a 2 cm pad of Celite on a coarse glass frit, and the filtrate was concentrated to about 30
mL under reduced pressure. Hexane (20 mL) was slowly added to form a layer on top. The flask
was placed in a 4 °C refrigerator for 24 h to afford 11 as colorless crystals (51%): mp 167-169 °C,
dec. 169 °C; '"H NMR (benzene-ds, 23 °C, ) 6.30 (s, 2H, C-CH-C), 3.98 (septet, ] = 7.0 Hz, 4H,
N-CH(CHj3)), 1.33 (s, 12H, C-CH3), 1.14 (d, ] = 7.0 Hz, 24H, N-CH(CH:),); 3C{'H} NMR
(benzene-ds, 23 °C, ppm) 177.31 (q, CF3C-O, %Jcr = 32.0 Hz), 166.29 (s, C-Ag), 126.28 (s, C-

CH3), 118.37 (q, CF3, 'Jcr = 288.8 Hz), 87.31 (s, CH), 52.86 (s, N-CH(CH3),), 22.63 (s, N-
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CH(CHs),), 8.84 (s, C-CHs); IR (cm™) 2983 (w), 1651 (m), 1489 (m), 1373 (m), 1254 (m), 1128
(s), 787 (s), 663 (s).

Anal. Calc for C37H3Ag3F18N4Oe: C, 34.04; H, 3.32; N, 4.29. Found: C, 34.02; H, 3.32;
N, 4.29.

Preparation of Ag(fod)(”?NHC) (12). In a fashion similar to the preparation of 11,
treatment of Ag(fod) (1.45 g, 3.59 mmol) with 1,3-diisopropyl-4,5-dimethyl-1H-imidazol-3-ium-
2-ide (0.650 g, 3.60 mmol) afforded 12 as a colorless crystalline solid (0.776 g, 37%) at -30 °C:
mp 87-89 °C, dec. 160 °C; 'H NMR (benzene-ds, 23 °C, §) 6.24 (s, 1H, C-CH-C), 4.09 (septet, J
=6.6 Hz, 2H, N-CH(CH3)2), 1.40 (s, 6H, C-CH3), 1.27 (s, 9H, C(CH5)3), 1.24 (d,J = 6.6 Hz , 12H,
N-CH(CH3),); BC{'H} NMR (benzene-ds, 23 °C, ppm) 205.34 (s, C-O), 174.66 (s, C-Ag), 172.22
(t, C-0), 123.88 (s, C-CH3), 119.13 (qt, CF3, 'Jcr = 287.6 Hz, *Jcr = 34.3 Hz), 114.28 (m, CF»),
111.65 (m, CF>), 90.18 (m, CH), 51.24 (s, N-CH(CH3)2), 42.68 (s, C(CHz3)3), 28.29 (s, C(CH3)3),
23.16 (s, N-CH(CHs),), 8.86 (s, C-CH3); IR (cm™) 2978 (m), 1628 (s), 1477 (s), 1323 (w), 1344
(m), 1217 (s), 1113 (s), 1061 (m), 961 (m), 906 (m), 831 (m), 754 (m).

Anal. Calc for C21H30AgF7N20:2: C, 43.23; H, 5.18; N, 4.80. Found: C, 43.38; H, 5.20; N,
4.98.

Preparation of Ag(thd)("?NHC) (13). In a fashion similar to the preparation of 11,
treatment of Ag(thd) (1.00 g, 3.43 mmol) with 1,3-diisopropyl-4,5-dimethyl-1H-imidazol-3-ium-
2-ide (0.618 g, 3.43 mmol) afforded 13 as colorless crystals (0.326 g, 20%) at -30 °C. X-ray quality
crystals were grown from hexane by slow cooling at 4 °C: mp 165-168 °C, dec. 168 °C; '"H NMR
(benzene-ds, 23 °C, 9) 6.01 (s, 1H, C-CH-C), 4.2 (septet, J = 7.0 Hz, 2H, N-CH(CH3)2), 1.52 (s,
18H, C(CH;)3), 1.41 (s, 6H, C-CH5), 1.30 (d, ] = 7.0 Hz, 12H, N-CH(CH:),); *C{'H} NMR

(benzene-ds, 23 °C, ppm) 199.47 (s, C-O), 176.83 (s, C-Ag), 123.70 (s, C-CH3), 87.75 (s, CH),



113

51.50 (s, N-CH(CHz3)2), 42.10 (s, C(CHz3)3), 29.47 (s, C(CHs)3), 23.12 (s, N-CH(CH3)2), 9.04 (s,
C-CHs); IR (cm™) 2955 (m), 1583 (s), 1499 (m), 1406 (s), 1354 (m), 1227 (w), 864 (m), 783 (W),
747 (m).

Anal. Calc for C22H39AgN>02: C, 56.05; H, 8.33; N, 5.94. Found: C, 57.07; H, 8.09; N,
6.11.

Preparation of Ag(pta)(”’NHC) (14). In a fashion similar to the preparation of 11,
treatment of Ag(pta) (1.00 g, 3.30 mmol) with 1,3-diisopropyl-4,5-dimethyl-1H-imidazol-3-ium-
2-ide (0.594 g, 3.30 mmol) afforded 14 as colorless crystals (0.760 g, 48%). X-ray quality crystals
were grown form hexane at -30 °C: mp 91-93 °C, dec. 143 °C; 'H NMR (benzene-ds, 23 °C, §)
6.25 (s, 1H, C-CH-C), 4.10 (septet, ] = 6.6 Hz, 2H, N-CH(CH3)>), 1.38 (s, 6H, C-CH3), 1.28 (s,
9H, C(CH3)3), 1.22 (d, J = 6.6 Hz, 12H, N-CH(CHs),); *C{'H} NMR (benzene-ds, 23 °C, ppm)
205.54 (s, C-0), 171.77 (s, C-Ag), 171.63 (q, C-CF3, 2Jcr = 29.4 Hz), 123.94 (s, C-CH3), 120.65
(q, CF3, 'Jcr = 288.8 Hz), 88.53 (s, CH), 51.40 (s, N-CH(CHs),), 42.60 (s, C(CHs)3), 28.32 (s,
C(CH3)3), 23.17 (s, N-CH(CHs)2), 8.91 (s, C-CH3); IR (cm™!) 2970 (w), 1626 (s), 1474 (m), 1362
(W), 1288 (m), 1246 (w), 1167 (s), 1123 (s), 846 (m), 785 (m), 750 (w).

Anal. Calc for C19H30AgF3N>0s: C, 47.22; H, 6.26; N, 5.79. Found: C, 47.18; H, 6.31; N,
5.90.

Preparation of Ag(hfac)(®*’NHC) (15). In a fashion similar to the preparation of 11,
treatment of Aga(hfac)s(THF) (1.00 g, 0.712 mmol) with 1,3-di-fert-butylimidazolidine (0.520 g,
2.85 mmol) afforded 15 as colorless crystals (0.456 g, 32%) at -30 °C: mp 138-141 °C, dec. 188
°C; 'TH NMR (benzene-ds, 23 °C, ) 6.35 (s, 1H, C-CH-C), 2.56 (s, 4H, N-CH>CH>-N), 1.10 (s,
18H, N-(CH:)3); 3C{'H} NMR (benzene-ds, 23 °C, ppm) 202.42 (s, C-Ag), 177.39 (q, C-CFs3,

2Jcr = 31.4 Hz), 118.8 (q, CF3, Jcr = 289.1 Hz), 87.47 (s, CH), 54.76 (s, N-CHa), 45.32 (s, N-
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C(CH3)3), 30.14 (s, C(CH3)3); IR (em™) 2970 (m), 1651 (s), 1500 (s), 1433 (s), 1366 (w), 1250 (s),
1178 (s), 1126 (s), 941 (w), 783 (s).

Anal. Calc for CisH23AgFsN202: C, 38.65; H, 4.66; N, 5.63. Found: C, 35.04; H, 4.34; N,
4.78.

Preparation of Ag(fod)("®*’NHC) (16). In a fashion similar to the preparation of 11,
treatment of Ag(fod) (1.00 g, 2.48 mmol) with 1,3-di-tert-butylimidazolidine (0.452 g, 2.47 mmol)
afforded 16 as colorless crystals (0.316 g, 22%): mp 98-101 °C, dec. 180 °C; 'H NMR (benzene-
ds, 23 °C, 06) 6.21 (s, 1H, C-CH-C), 2.60 (s, 4H, N-CH>CH>-N), 1.26 (s, 9H, C(CH3)3), 1.19 (s,
18H, N-(CH5)3); *C{'H} NMR (benzene-de, 23 °C, ppm) 205.51 (s, C-O), 204.33 (s, C-Ag),
172.36 (t, C-0), 123.88 (s, C-CH3), 119.13 (qt, CF3, 'Jcr = 287.2 Hz, 2Jcr = 34.7 Hz), 114.17 (m,
CF»), 111.54 (m, CF>), 89.90 (m, CH), 54.88 (s, N-CH2), 45.35 (s, N-C(CH3)3), 42.61 (s, C(CH3)3),
30.19 (s, C(CH3)3), 28.27 (s, N-C(CH3)2); IR (cm™) 2963 (w), 1632 (s), 1475 (m), 1342 (m), 1217
(s), 1113 (s), 906 (m), 831 (w), 781 (w), 737 (W).

Anal. Calc for C21H32AgF7N20:2: C, 43.09; H, 5.51; N, 4.78. Found: C, 43.32; H, 5.39; N,
4.76.

Preparation of Ag(thd)(®“>NHC) (17). In a fashion similar to the preparation of 11,
treatment of Ag(thd) (0.51 g, 1.73 mmol) with 1,3-di-fert-butylimidazolidine (0.317 g, 1.73 mmol)
for 18 h afforded 17 as a colorless solid (0.170 g, 20%) upon crystallization from diethyl
ether/hexane (1:1) at -30 °C: mp 145-147 °C, dec. 141 °C; 'H NMR (benzene-ds, 23 °C, §) 5.89
(s, 1H, C-CH-C), 2.66 (s, 4H, N-CH>CH>-N), 1.46 (s, 18H, C(CH3)3), 1.27 (s, 18H, N-(CH3)3);
BC{'H} NMR (benzene-ds, 23 °C, ppm) 199.73 (s, C-0), 123.88 (s, C-CH3), 87.34 (s, CH), 54.97

(s, N-CH»), 45.37 (s, N-C(CHs)3), 42.01 (s, C(CHz3)3), 30.32 (s, C(CH3)3), 29.43 (s, N-C(CHz3)»);
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IR (cm™) 29861 (m), 1584 (s), 1528 (W), 1474 (w), 1404 (s), 1354 (m), 1271 (m), 1204 (m), 1128
(w), 864 (m), 783 (w), 752 (w).

Anal. Calc for C22H41AgN>02: C, 55.81; H, 8.73; N, 5.92. Found: C, 57.14; H, 8.70; N,
6.03.

Preparation of Ag(pta)(®*’NHC) (18). In a fashion similar to the preparation of 11,
treatment of Ag(pta) (1.00 g, 3.30 mmol) with 1,3-di-zerz-butylimidazolidine (0.601 g, 3.29 mmol)
afforded 18 as colorless crystals (0.650 g, 41%) upon crystallization from hexane at 4 °C: mp 98-
102 °C, dec. 180 °C; 'H NMR (benzene-ds, 23 °C, §) 6.18 (s, 1H, C-CH-C), 2.62 (s, 4H, N-
CH,CH>-N), 1.25 (s, 9H, C(CH3)3), 1.04 (s, 18H, N-(CH3)3); *C{'H} NMR (benzene-ds, 23 °C,
ppm) 205.78 (s, C-0), 204.34 (s, C-Ag) 172.02 (q, C-CF3, 2Jcr = 29.4 Hz), 120.5 (q, CF3, 'Jcr=
289.2 Hz), 87.99 (s, CH), 54.88 (s, N-CH»), 45.38 (s, N-C(CH3)3), 42.57 (s, C(CH3)3), 30.26 (s,
C(CH3)3), 28.32 (s, N-C(CH3)2); IR (cm™) 2968 (m), 1624 (s), 1472 (s), 1364 (m), 1277 (s), 1244
(w), 1163 (s), 112 (s), 845 (m), 785 (m).

Anal. Calc for C19H32AgF3N>0z: C, 47.02; H, 6.64; N, 5.77. Found: C, 47.21; H, 6.62; N,
5.77.

Preparation of [P?NHC][hfac] (19). A 100-mL Schlenk flask was charged with a
magnetic stir bar, Ag20 (0.500 g, 2.16 mmol), and diethyl ether (20 mL). To this stirred solution
at ambient temperature was slowly added a solution of 1,3-diisopropyl-4,5-dimethyl-1H-imidazol-
3-ium-2-ide (0.776 g, 4.31 mmol) in diethyl ether (15 mL). To this reaction mixture was slowly
added dropwise a solution of Hhfac (0.897 g, 4.31 mmol) in diethyl ether (5 mL). This solution
was stirred at ambient temperature for 4 h. Unreacted Ag>O was removed by filtration. The volatile
components were removed under reduced pressure and the resulting orange solid was dissolved in

diethyl ether (30 mL). The solution was filtered through a 2 cm pad of Celite on a coarse glass frit,
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and the filtrate was concentrated to about 20 mL under reduced pressure. The flask was placed in
a -30 °C freezer for 48 h to obtain 19 as pale yellow, X-ray quality crystals (7%): mp 110-112 °C,
dec. 240 °C; 'H NMR (benzene-ds, 23 °C, §) 10.96 (s, 1H, H), 6.41 (s, 1H, C-CH-C), 3.52 (septet,
J =6.6 Hz, 2H, N-CH(CH3)), 1.23 (d, J = 6.6 Hz, 12H, N-CH(CH3)2),1.17 (s, 6H, C-CH3);
BC{'H} NMR (benzene-ds, 23 °C, ppm) 173.96 (q, CF3C-O, “Jcr = 30.1 Hz), 136.87 (s, C-Ag),
124.07 (s, C-CH3), 119.62 (q, CF3, 'Jcr=292.1 Hz), 84.75 (s, CH), 50.70 (s, N-CH(CHs),),21.03
(s, N-CH(CHs),), 7.40 (s, C-CH3); IR (cm™) 3122 (w), 3037 (m), 1666 (s), 1550 (s), 1529 (s), 1444
(m), 1244 (s), 1168 (m), 1112 (s), 937 (m), 785 (s).

Anal. Calc for C16H22F¢N202: C, 49.48; H, 5.71; N, 7.21. Found: C, 49.52; H, 5.64; N,
7.24.

Preparation of ["’NHC][thd] (20). In a fashion similar to the preparation of 19, treatment
of Ag>0 (0.509 g, 2.19 mmol) with 1,3-diisopropyl-4,5-dimethyl-1H-imidazol-3-ium-2-ide (0.786
g, 4.36 mmol) and Hthd (0.795 g, 4.31 mmol) afforded 20 as pale yellow, X-ray quality crystals
(49%): mp 167-170 °C, dec. 209 °C; 'H NMR (benzene-ds, 23 °C, ) 13.09 (s, 1H, H), 5.94 (s,
1H, C-CH-C), 3.75 (septet, J = 6.6 Hz, 2H, N-CH(CH3)2), 1.59 (s, 18H, C(CH3)3, 1.43 (d, ] = 6.6
Hz, 12H, N-CH(CH5),),1.20 (s, 6H, C-CH5); 3C{'H} NMR (benzene-ds, 23 °C, ppm) 194.64 (s,
C-0), 142.65 (s, C-Ag), 122.97 (s, C-CHs), 84.60 (s, CH), 50.72 (s, N-CH(CH3)2), 41.38 (s,
C(CH3)3), 29.90 (s, C(CH3)3), 22.23 (s, N-CH(CHa)2), 7.64 (s, C-CH3); IR (cm™) 2939 (m), 2358
(W), 1595 (s), 1421(s), 1352 (s), 1260 (s), 1180 (s), 1114 (s), 856 (m), 727 (s).

Anal. Calc for C2oH40N202: C, 72.48; H, 11.06; N, 7.68. Found: C, 72.28; H, 11.03; N,

7.74.



117

CHAPTER 5
CONCLUSIONS AND FUTURE DIRECTIONS

This dissertation focuses on the syntheses, characterization, and precursor property
evaluation of trimeric Ag pyrazolates and several new Ag precursors. Treatment of silver oxide
with bis(trifluoromethyl)pyrazole and (3-tert-butyl-5-perfluoropropyl)pyrazole afforded 1 and 2,
respectively. Trimers 1 and 2 were treated with four different types of NHCs to synthesize
Ag(pz)(NHC) adducts (3-8, 9-Et20, and 10). Ag(p-diketonate)(NHC) adducts 11-18 were prepared
using Ag(p-diketonate) and NHC ligands. These complexes were characterized by *H and 3C
NMR spectroscopy, infrared spectroscopy, CHN elemental analyses, melting point and thermal
decomposition experiments, TGA, and single crystal X-ray diffraction analysis.

Complex 1 was assessed as a promising ALD precursor with high thermal stability,
volatility, and reactivity towards several reducing agents. Complex 1 was used with 1,1-
dimethylhydrazine to deposit silver metal films on SiO> substrates at 180 °C with a growth rate of
0.82 Alcycle (Chapter 2). A plot of growth rate versus substrate temperature showed an ALD
window of 170 to 220 °C. Saturative self-limited growth was demonstrated for both 1 and 1,1-
dimethylhydrazine at 180 °C. The as-deposited films were crystalline Ag metal. Due to the island
type growth, SEM thickness measurements, as well as XRF Ag concentration measurements, were
obtained to confirm ALD type growth. XRF measurements showed that the thermal ALD process
has a nucleation delay of about 125 cycles. Nucleation delay is a common problem in noble metal
film depositions.® Ag atoms migrate on the substrate surface even at room temperature to find
another energetically favorable nucleation site, thereby make Ag islands with gaps. Consequently,
the use of noble metal substrates such as Ru or Au may provide a strong bond between silver atoms

and the substrate surface, which could minimize the mobility of Ag atoms. This approach may
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lead to the formation of a continuous film rather than nanoparticles. In this thermal ALD study,
thicker films consist of particles with different sizes, which resulted from coalescence and
continued nucleation. Therefore, by increasing the number of deposition cycles may continue the
nucleation on SiO> substrates and may deposit continuous Ag thin film. Deposition experiments
with 2 have not been carried out to date. However, 2 also offers good volatility (120 °C/0.2 Torr)
and high thermal stability (245 °C).

Monomeric precursors are preferred in ALD because they offer high volatility due to lower
molecular weights. Chapter 3 explored the use of 1 and 2 as starting materials to synthesize
monomeric silver pyrazolates. Complexes 1 and 2 reacted with NHCs to afford 3-8, 9-Et,0, and
10 as colorless crystalline solids. Complexes crystallized as dimers (3-5), monomers (8 and 10)
and a tetramer (9-Et20). Close Ag-Ag interactions observed in dimers and Ag-Ag distances varied
from 3.030-3.391 A. These distances are shorter than twice the van der Waals radius for the Ag
atom (3.44 A),'%% and thus, argentophilic interactions were observed. Remarkably, the trimeric
pyrazolates 1 and 2 and the NHC adducts 3-6, 8, 9-Et>0, and 10 sublimed in a similar temperature
range. Possibly, the trimers sublime as monomers or dimers. Thermal decomposition temperatures
and TGA plots of 3-8, 9-Et,O, and 10 suggest that the presence of electron-withdrawing
substituents on both positions of the pyrazolate rings affords more thermal stability to
Ag(pz)(NHC) complexes. Electron-withdrawing trifluoromethyl groups pull electron density
away from the metal center and are poorer reducing agents for the Ag ion, thereby increasing the

thermal stability of the complexes. Among the 3-8, 9-Et2O, and 10, only 4 has higher thermal
stability than the parent trimer. As an improvement over trimers, 3-6, 8, and 9-Et,O have melting

points that are lower than the sublimation temperatures and are thus delivered from the liquid state.
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Liquid precursors have constant surface area and high vapor pressures. Therefore constant vapor
delivery from the liquid state can be obtained throughout the deposition process.

Chapter 4 discussed the use of NHCs to synthesize monomeric silver diketonate
complexes. The Ag-carbene bond lengths are compared with Ag-phosphine bond lengths in order
to explain the strong coordination of NHCs. Single crystal X-ray structure determinations showed
that 13-16 and 18 are monomers while 11 is a trimer. Argentophilic interactions were not observed
in any monomers reported herein. As discussed in section 1.4.2, most of the known silver
precursors contain an anionic f-diketonate and a neutral phosphine or alkene donor ligand. The
use of saturated or unsaturated carbenes has no significant effect on the volatilities of the
complexes. However, the Ag-Carene) bond distances (2.096-2.0644 A) are not significantly
different in 11-18. Among the Ag(diketonate)(NHC) complexes that were prepared, 15 showed
the highest thermal stability, which is still lower than the thermal stabilities of the trimers 1 and 2
and NHC adducts 3-8, 9-Et20O, and 10. The presence of a diketonate ligand with two electron-
withdrawing trifluoromethyl substituents and saturated carbene may enhance the stability of 15.

Similar NHC based-Ag(pyrazolate) and Ag(diketonate) precursors have not been reported
prior to the work completed in this thesis. The structural diversity of 3-5, 8, 9¢(Et.0), and 10 and
11, 13-16, and 18 complexes was explored. The presence of bulky substituents on the pyrazolate
or diketonate carbon atoms minimizes the argentophilic interactions. Interestingly, 1-6, 8, 9-Et0,
10, 12-16, and 18 showed similar volatilities at 0.2 Torr. The presence of electron-withdrawing
substituents in the ligands enhanced the stability of the resultant metal complexes. However,

trimers 1 and 2 have higher thermal stabilities than 3-8, 9-Et>O, and 10-18.
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ABSTRACT

THERMAL ATOMIC LAYER DEPOSITION OF SILVER METAL FILMS:
SYNTHESIS AND CHARACTERIZATION OF THERMALLY STABLE SILVER
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Traditional film deposition techniques such as PVD and CVD are widely used in the
microelectronics industry. However, the lack of thickness control and conformality requirements
limit these techniques for current and future applications. By contrast, ALD offers the deposition
of ultra-thin conformal films with accurate thickness control due to the self-limiting growth
behavior. Ag metal has the lowest resistivity (1.59 uQ cm) of all metals and has applications in
plasmonic devices. Growth by thermal atomic layer deposition (ALD) has been hampered by the
low thermal stabilities of virtually all Ag precursors. The synthesis of highly thermally stable Ag
metal precursors is very challenging due to the positive electrochemical potential of the Ag(l) ion.
The focus of this dissertation is given to the development of thermal ALD processes using highly
thermally stable precursors and synthesis and characterization of thermally stable silver precursors.
Trimeric silver pyrazolates were synthesized and characterized. These precursors are highly
thermally stable, volatile, and reactive towards several reducing agents, which are the key
properties that ALD precursors should have. The deposition of the silver metal thin films was
attempted using [Ag(3,5-CF3)2Pz]z and 1,1-dimethylhydrazine. Both the metal precursor and the

reducing agent showed self-limited growth at 180 °C. Rather than a continuous film, silver
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nanoparticle growth was observed on the SiOz substrate instead. New Ag pyrazolate and
diketonate complexes were synthesized using saturated and unsaturated NHCs. Solid state
structures of NHC-based Ag pyrazolates showed great diversity, including monomers, dimers, and
a tetramer. Dimers have close Ag-Ag contacts, consistent with argentophilic interactions. These
new Ag pyrazolate complexes are volatile between 110 and 140 °C at 0.2 Torr, and thermally
decompose at temperatures between 160 and 293 °C. However, TGA traces and thermal
decomposition temperatures suggest that trimers [Ag(3,5-CF3)pz]s and [Ag(3-tBu,5-
CF2.CF.CR3)pz]s still have better thermal stability than the NHC complexes. Most of the
Ag(diketonate)(NHC) complexes are monomers with no close Ag-Ag contacts. The Ag diketonate
complexes have volatilities that range from 100-124 °C at 0.2 Torr, and thermal decomposition
temperatures that range from 141-188 °C. Carefully chosen anionic ligands with electron-
withdrawing substituents are required to achieve the highest possible stabilities of the metal

complex.
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