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Abstract

The colorless square-planar cluster [CulN(SiMes), s, which contains four Cu(l)
ions with four bridging amide groups, was studied as a precursor for chemical and
photochemical vapor deposition of Cu metal. The cluster phosphoresces in CH>Cl,
solution and in the solid state at room temperature. Its electronic spectrum in CH,CL
consists of two intense bands which are assigned to symmetry-allowed 3d—4p
transitions; the phosphorescence is also likely to be metal-centered. Solid
[CulN(SiMes)2]s luminesces with approximately the same spectrum as that of the
CH,CL solutions. At 77 K, the solid-state luminescence red-shifts slightly. The
emission lifetime in glassy Et,0 solution is 690 ps. [CuN(SiMe3),]s deposits Cu
metal via chemical vapor deposition under H, carrier gas at substrate temperatures of
145-200 °C. Deposition also occurs photochemically beginning at 136-138 °C under
near-UV irradiation.

The preparation of monomeric derivatives of [CuN(SiMes),]s was attempted by
using neutral donor ligands L (e.g. L,Cu(N(SiMe;3),; L= CO, PR;, CN-t-Bu; n=1-3).
The target compounds were expected to be more volatile than the copper cluster and
still maintain photosensitivity. CuCl and [Cu(CH3CN),]PFs were used as starting
materials. Even in the presence of L, [CuN(Si(Me;),]s is a major product in
reactions using CuCl and NaN(SiCHjz),. [Cu(CH3CN)4]PFs was a promising route
for the monomeric Cu(I) complexes because of ready dissociation of its acetonitrile
ligands. However, the characterization of these complexes was unsuccessful.

Other Cu(I) amide clusters have been prepared; they may also be suitable for

chemical and photochemical vapor deposition of Cu. [CuNEt;]4, [CuN(i-Pr),]4, and
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[CuN(t-Bu)(SiMes)], are phosphorescent though they are very air sensitive. They
should be more volatile and produce Cu metal films more readily than
[CuN(SiMes)z]a.

Cu(hfac), is a versatile Lewis acid, forming adducts with a variety of bases. The
bases that were used were ethylene glycol, 2-methoxyethanol, propylene glycol, and
I-methoxy-2-propanol. Each Cu(hfac), adduct deposited Cu metal under H,gas at a
substrate temperature of 200 °C and a precursor temperature of 80 °C. In contrast to
previously known adducts with sample alcohols, the new precursors do not require excess
alcohol vapor for stability. Nevertheless, no Cu deposition was observed with these

precursors in the absence of H, at temperatures up to 135 °C.
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Chapter 1
Introduction
1.1 Metal Interconnects and Technology

Metals are used in the microelectronics industry as a means of supplying power
and transmitting information. They are required to connect the miniature components
like transistors, capacitors, resistors and diodes patterned on the silicon wafer that go into
making an Integrated Circuit (IC)."! The application of metals and metal-like layers is
called metallization. Some of the commonly used metals in Metal Oxide Semiconductor
technology for microelectronics are aluminum (Al), tungsten (W), titanum (Ti), and
tantalum (Ta). Metal-like layers include polysilicon, silicides of T1i, Ta, and platinum
(Pt), and titanium nitride.

Interconnect metallization is used for connecting the devices on the IC itself, and
global connections leading out of the IC. The metal of choice is Al, often in alloys with
small amounts of Cu and other metals, usually in conjunction with a diffusion barrier.
Since interconnect lines are very thin and run over extensive lengths, low resisitivity and
high tolerance to electromigration are important requirements.

Enhancement in the performance and speed of ICs can be achieved by reducing
the device feature size and thereby the overall size of the IC. Devices such as dynamic
random access memory (DRAM), static random access memory (SRAM), and logic
devices with high circuit speed, high packing density and low power dissipation require
downward scaling of feature size in ultra-large scale integration (ULSI) structures.'?

Current feature size for DRAM is in the range of 0.25-0.35 um. It is expected that by
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the year 2000, the transistor channel length in state-of-the-art ICs will be 0.18 pm, while
microprocessors will pack more than 15 million transistors into an area of ~ 700 mm?."?

Improvements in metallization technology are needed to make faster and more
reliable IC’s by decreasing metallization feature size and using better materials. Using
faster transistors can improve IC performance somewhat. However, the overall speed of
large, high density chips is not limited as much by transistor speed as by the metal lines
or the interconnects that connect them.'* More specifically it is the resistance of the
conductors (metal lines) and the capacitance of the insulators (dielectric films) that limit
chip speed. The future of IC manufacturing relies heavily on interconnect materials with
lower resisﬁvity and lower capacitance dielectric materials.
1.2 Aluminum

Al or an Al alloy is now generally used as the interconnect material in ULSI
circuits. Al has relatively low resistivity, good adhesion to dielectrics, overall
compatibility with semiconductor processing steps, and long experience in the industry.
Some of the properties of aluminum are listed in Table 1.1.'° Aluminum forms a thin
protective oxide film that withstands various thermal processes. Its halides are volatile,
which makes it suitable for reactive ion etching (RIE). The reliability of aluminum
interconnects, however, is a major concern for maintaining the total reliability of
advanced ULSI.

Al-based interconnects are susceptible to failures. As interconnect width (feature
size) decreases, current density increases, and metal atoms themselves can move along

the direction of electron flow, a phenomenon known as electromigration. This can
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Table 1.1 Properties of Metals for Use as Interconnects'

Property

Melting point (°C)
Resistivity (uQ-cm)
Corrosion in air
Adbhesion to SiO;

Electromigration Resistance

Copper

1085

1.67

high
poor

high

Aluminum  Tungsten Silver
660 3387 962
2.66 5.65 1.59
low low high
good poor poor
low very high very low

o)
=
=

1064
2.35
very low
poor

very high



result in the breakdown of electrical connections, or bridging of conductor lines where
isolation is required.

High current density can also lead to stress-induced voidage in metal lines. The
metal removed tends to build up elsewhere and this lateral extrusion can result in adjacent
lines touching each other, leading to a short circuit. Al, with its relatively low melting
point (660 °C), is more susceptible to these two types of failures than metals with higher
melting points. However, despite these drawbacks, the many attractive features of
aluminum have kept it the metal of choice for most interconnect applications.

1.3 Copper

The lower resistivity of copper (1.67 uQ2 cm at 22 °C) vs. aluminum (2.66 pQ2 cm
at 22 °C) makes it a contender for replacing aluminum and aluminum alloys for chip
interconnections. It is widely predicted that copper will become the interconnect of
choice for ICs fabricated below the 0.25 umscale.!® Table 1.1 lists some of the
important properties of Cu. In addition to lower resistivity, copper has a higher resistance
to electromigration than Al. Use of Cu interconnects would increase the maximum
operating frequency of devices and allow the use of higher current densities. Also,
copper can be deposited by CVD (chemical vapor deposition), with excellent step
coverage and good filling of high-aspect-ratio contacts and vias. CVD of copper metal
can also be made selective: for example, Awaya et al. demonstrated deposition on metal
and metal silicides, and not on SiO, and SisN,.'’

One of the major drawbacks of Cu is its fast diffusion in silicon (Si) and drift in
SiO,-based dielectrics, which can cause the deterioration of devices during operation.

Hence, a diffusion barrier is necessary between Cu and Si or SiO,. One of the most
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commonly studied diffusion barriers for Cu is TiN. It is chemically and
thermodynamically stable and has a high activation energy for the diffusion of metals.
This means that a thin barrier layer may be effective in preventing diffusion of Cu.

Another drawback with implementing copper wiring in silicon ULSI devices is
that etching of Cu is difficult. This is because copper halides are not as volatile as those
of AL. Etching of metal using a chlorine plasma at room temperature is a standard
process in the semiconductor industry. Isotropic etching of copper as copper chloride in
a plasma reaction yields etching rates of the order of 0.01 pm min™" which are
unacceptably slow. This is because the product CuCl; is not volatile at typical plasma
etching temperatures. Farkas et al. devised a modification to the above process by
generating CuCl and then reacting the CuCl with an electron-donating ligand, typically
an alkyl phosphine. The isotropic etching was done at 25 to 150 °C. The etching rate
reported was 1 um min~"."® Norman et al. reported Cu CVD using a Cu(l) precursor,
Cu(hfac)(VTMS) (where VIMS = vinyltrimethylsilane)."® The also reported a
complementary etching process wherein they could etch deposited Cu by the addition of
H(hfac) ligand. Etching rates of 5 um min™" were reported.

In the isotropic etching process described above, Cu metal is removed from a
nonspecific area, in all directions. Therefore, selectivity is compromised. Also, etching
can cause microscopic damage to the metal surface.''® Kaanta et al. developed an
alternative to RIE which is known as the damascene process for copper interconnect

M1 In the damascene process an insulator is dry-etched to form

formation.
trenches conforming to the wiring pattern (Figure 1.1). Once the adhesion/barrier layer

(T1IN) is deposited, the trenches are then plugged with copper deposited by CVD. Then
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Via Oxide Pattern (Black)

TiN(dark gray)/ Cu(gray)CVD

Figure 1.1 Schematic Diagram of a Damascene Process
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the application of chemical-mechanical polishing (CMP) of the copper down to the
insulator yields copper interconnects surrounded by the insulator. The damascene
process avoids copper oxidation and diffusion more effectively than RIE because the side
walls and bottom surfaces of copper interconnects are already covered by an
adhesion/barrier layer such as TiN.

1.4 Chemical Vapor Deposition

Cu-based interconnects will represent the future trend in the deep submicron
regime. Cu can be deposited by plating (such as electroless and electrolytic), sputtering
(physical vapor deposition, PVD), laser-induced reflow, and CVD. Table 1.2 lists the
properties of Cu films obtained by different deposition methods.'?

Plating-based deposition (electroless and electrolytic) can provide high deposition
rates and low tool cost, but the by-products from the reaction can cause environmental
problems. This may limit the use of electrochemically deposited copper metal. Cu PVD
is a conventional technology with high deposition rate, but poor via-filling and step
coverage are the concerns. The laser reflow technique exhibits less compatibility with
current ULSI processing. Based on these comparisons, Cu CVD is an attractive approach
for copper-based interconnects in ICs. Cu CVD is very good in step coverage and filling
high aspect ratio holes. It also gives films that have a resistivity close to that of bulk Cu.
This process involves the formation of the Cu film on a heated surface by means of a
chemical reaction. The overall process is 1) adsorption of a reactant onto the heated
surface, 2) thermal decomposition of the reactant to metal, and 3) desorption of the

reaction by-products.
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Table 1.2 Properties of Copper Obtained by Different Deposition Methods''?

CVD PVD Laser Reflow Electroless Electrolytic
Resistivity (uQ cm) 22 1.75-2 2.6 ~2 ~2
Impurities CoO0 Ar - seed layer -
Deposition Rate (nm/min) ~100 2100 - <100 ~200
Process Temp (°C) ~250 RT melt 50-60 RT
Step Coverage good fair - good good
Via-Filling Capacity good poor good fair-poor fair-poor
Environmental Impact good good good poor poor



1.5 Cu CVD Precursors

Copper CVD precursors must possess thermal stability and adequate volatility,
yet decompose to high purity metal at temperatures below 300 °C. The physicochemical
properties of the precursors play a critical role in the CVD process because they
determine the vapor pressure, the adsorption/desorption behavior, the decomposition
temperature, the chemical reaction pathways, the purity of the deposited metal, and in
many cases, the rate of thin film formation. These combined chemical and physical
properties are a direct result of the precursor molecular structure.

Two of the most useful families of copper CVD precursors that have been studied
recently are the Cu(I) and Cu(Il) -diketonates (Figure 1.2). The B-diketonate ligand
most commonly used in these precursors is hexafluoroacetylacetonate or hfac™. Cu(ll)
precursors generally require the use of an external reducing agent such as hydrogen to
deposit copper metal films that are largely free of impurities (Equation 1.1).

Cu®™(hfac), + H, — Cu(s) + 2hfacH(g) (Equation 1.1)
The Cu(I) precursors can deposit pure copper films without the use of an external
reducing agent via a disproportionation reaction (Equation 1.2) that produces a Cu(Il) 8-
diketonate as a volatile by-product (L is a neutral donor ligand).
2(hfac)Cu®(L) — Cu(s) + Cu(hfac)(g) + 2L(g) (Equation 1.2)

Van Hemert et al. first reported the use of Cu(hfac),-H,O as a Cu CVD precursor
in 1965."'* A film was deposited on a heated substrate in a warm wall, horizontal tube
reactor, using H, at atmospheric pressure as the carrier and reducing gas. Cu(hfac),-H,O

could be evaporated into the carrier gas stream at 90 °C with a substrate temperature of
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F,C CF, F,C L CF,
= =0 _% .0
(0] . _O N \Cu N\
a) \ u\ . \ 7 s —_—
0] 0 (@) (@)
F,C CF, F;C CF,
Cu(hfac), Cu(hfac),"L
L =H,0O, ROH
SiMe,
CF, tmvs =—/
=~ Cu-L
CF,
(hfac)CuL CcC=0
Me;Si §Me3 1-Pr\ -:I-Pl‘
Me:;Si Sy N Cu § — SIMe_-, i-Pr ""uuN Cu_.NE- — i-Pr
‘ — l “ N CU_"N Yy, .
M%Si/? Cu ‘Iq\ ''''' SiMe3 l_Pr/:-E. \ . I-Pl'
Me3§i SiMe, i-Pr i-Pr

Figure 1.2 : Precursors for Chemical Vapor Deposition. a) Cu(ll) b)Cu(I)
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250 °C, to give high-quality films. Moshier et al. later reported a quantitative value of
80 nm/min for the deposition rate at 300 °C using Cu(hfac),-H,0.'"?

Kaloyeros et al. were the first to report film resistivities that approach the value of
bulk copper using the reduction of Cu(hfac), in H, carrier gas; they obtained resistivities
below 2.0 uQ-cm for films deposited at temperatures as low as 250 °C."'"* Film growth
rates were 4-180 nm/min, depending upon the deposition conditions and the reactor
design. Within the past 10 years, the best CVD results for Cu(II) precursors were
obtained using Cu(hfac), under hydrogen gas. However, several groups discovered that
film growth rates were enhanced with the use of Lewis base donors such as H,O and
alcohols. Fluorinated B-diketonate ligands are strongly electron-withdrawing and
decrease the electron density on the metal center. This increases the ability of the copper
atom to coordinate a solvent molecule. It has been suggested that the liberated protons
from the additive (either H>O or alcohols) enhance the reduction of Cu(Il) to copper
metal from Cu(hfac), by increasing the amount of protons available in the CVD process.
1.6 Photochemical Vapor Deposition

Photochemical Vapor Deposition is a process that uses a laser or some other light
source to excite a specific electronic excitation in the reactant, which activates the

118 In a photochemical process, deposition

molecule for a subsequent chemical reaction.
from the precursor excited state is more favorable than from its ground state, making the
reaction occur faster or at a lower temperature. Various types of light sources have been

used in the process such as Hg arc lamps, frequency doubled Ar ion lasers, and ArF and

KrF excimer lasers.!'®
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Copper metal films have been deposited using Cu(hfac),"EtOH using UV
photolysis."'> Although films deposited by conventional CVD using this precursor were
generally pure and crystalline, the photolytically deposited films were contaminated. X-
ray photoelectron spectroscopy (XPS) and scanning Auger measurements showed that the
films contained up to 50% carbon.''® These films were contaminated because of
fragmentation of the complex induced by the high-energy light sources used. However,
if a photosensitive complex could be made that has a well defined excited state, then a
minimal amount of energy necessary for the reduction to Cu metal will be applied. This
will produce by-products that are stable and volatile that would not contaminate the Cu
films.

This dissertation describes aspects of research into copper CVD. It discusses the
use of photosensitive Cu(I) complexes as potential photoinduced deposition precursors.
Our goal is to develop a new class of copper(I) precursors that are outside the (hfac)Cu(I)
family. These precursors are important for two reasons: a) If the new precursors contain
no O or F atoms, they may be useful for co-deposition of Cu-Al alloys. Cu films
containing small amounts of Al are harder than pure Cu, with resistivity nearly as low as
pure Cu metal. In order for these two metals to be deposited simultaneously, the Cu and
Al CVD precursors must be compatible with each other. Because Al precursors are
sensitive to O and F, Cu(hfac) precursors are not acceptable. b) New Cu(I) precursors
may have readily accessible excited states for photochemical deposition reactions. The
photochemistry of numerous Cu(I) complexes has been studied, but the photoactive

species tend to be involatile because they are usually ionic salts.'!” A neutral,
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photosensitive precursor could be used to develop a seed layer of Cu on the substrate, to
enhance the selectivity of the overall deposition process.

We have examined tetrameric amide clusters i.e., [CuN(SiMe3).]s, [CuNEt2]4,
[CuN(7-Pr)2]4, and [CuN(t-Bu)(SiMe3)]s; see structures in Figure 1.2. Each one of these
precursors is phosphorescent and has the potential of being useful in photochemical
deposition of Cu.

We also attempted to prepare lower nuclearity Cu(I) complexes derived from
[CuN(SiMes):1s. These complexes should be more volatile and still maintain
photosensitivity. Although some promising results were obtained, isolation of well
defined complexes was difficult due to their lability in solution.

1.7 Alcohol Adducts of Cu(hfac), as Precursors

Cu(hfac), 1s a versatile Lewis acid that can form adducts with various bases.
Initially, hydrates, Cu(hfac),'nH,O (n = 1, 2) were studied.''® Other adducts were
reported in the literature such as Cu(hfac),-pyridine.''* Although other adducts of
Cu(hfac); have been prepared, most experiments dealing with Cu CVD used the
anhydrous compound or the hydrate.

In one of the first studies of the chemistry of Cu(hfac), with other Lewis bases,
Gafhney and Lintvedt showed that UV irradiation of Cu(hfac), in alcohol solutions led to
the deposition of Cu metal.'?® In the 1990s, several groups demonstrated the importance
of the addition of water and alcohols to Cu(hfac), and how they improve deposition rates.
Awaya and Arita showed that the addition of H,O accelerated Cu film deposition.’>!

' Pilkington et al. also showed that Cu(hfac),-ROH mixtures (ROH = EtOH or a propanol

isomer) could be used to produce Cu films under N, carrier gas at higher temperatures
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(300-350 °C).'? In some cases, excess water or alcohol was necessary for deposition to
occur under Na.

In kinetic studies of the deposition of Cu from Cu(hfac), and H;, Griffin and co-
workers proposed that the rate determining step in the CVD process was the
recombination of adsorbed hfac and H groups to form hfacH.'?® Therefore, the water or
alcohol can serve as a source of H atoms to increase the concentration of H atoms
adsorbed on the metal surface.'?* When H, is present, the H atoms it produces can
recombine with the adsorbed ROaqs), making the overall role of ROH essentially
catalytic.

My work has centered around alcohol adducts for their proton-transfer capabilities
to produce Cu metal. It is possible that the alcohol molecules could reduce Cu(Il) to Cu
metal, thus making a reducing carrier gas (H>) unnecessary for Cu CVD. This means that
primary and secondary alcohols could liberate additional H atoms from the adsorbed
alkoxy group to make either an aldehyde or ketone. Fan et al. studied Cu(hfac),-i-PrOH
as a self-reducing precursor under N; carrier gas. In these experiments, they were able to
detect the carbonyl compound, i.e. acetone, from alcohol oxidation. However, in these
experiments excess i~-PrOH was needed to produce quality Cu films. Therefore, if a class
of Cu(hfac), adducts could be isolated that are volatile and stable to dissociation, then
excess alcohol would be unnecessary. We have studied adducts with ethylene glycol (1),

2-methoxyethanol (2), propylene glycol (3), and 1-methoxy-2-propanol (4).
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HO HO HO HO )/
H O:, 0] HO )/
du,
1 ) 3) C)
These ligands are capable of being bidentate. If the H atoms could be kept in close
proximity to the Cu(Il) metal center, i.e. as stable Cu(hfac), adducts, then deposition rates
could be enhanced by the readily available H atoms present. For an example, if
Cu(hfac),: 1-methoxy-2-propanol was self-reducing, its Cu(II) could be reduced to Cu
metal and its 1-methoxy-2-propanol oxidized to methoxyacetone (Equation 1.3).

F,C

4
g M-CF; o

F,C e N
3 Z/;%?(i'J\OH 2 Cu + 2hfacH + CH30\/LK Equation 1.3

F,C CH3(\)\

Therefore, a reducing gas and excess solvent would not be necessary for the reduction to
Cu metal in these complexes. We prepared adducts of Cu(hfac), with all four of these
diols and ether-alcohols. The available evidence indicates that the new adducts are five-
coordinate (i.e. their structure is not as shown in Equation 1.3). However, the stability of
the complexes were improved compared to that of Cu(hfac),-i-PrOH. We were able to
deposit copper metal films under H,. Under N, gas, no deposition occurred which means

that a reducing gas was necessary for Cu metal film production.
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Chapter 2
Phosphorescence and Structure of a Tetrameric Copper(I)-Amide Cluster
2.1 Introduction

Numerous volatile copper(I) complexes have been examined in recent years as
possible precursors for the chemical vapor deposition (CVD) of copper metal.>! The
family of species (hfac)CuL (L = neutral ligand)*? has been most intensively studied;
other copper(I) precursors include [CuOCMe;]s> and CpCuPEt; >*

We have been interested in volatile copper complexes that also show
photochemical activity, so that Cu deposition might be induced by light.>® Several
studies of laser-induced Cu CVD have been reported.>*>'" However, these experiments
have generally utilized high-energy laser sources, so that both photophysical (i.e. via
laser-induced heating of the substrate) and photochemical processes have been observed.
We wished to take advantage of copper(I) complexes that posses well defined low-energy
excited states, which might react cleanly with reducing carrier gases to produce pure Cu.
Although numerous copper(I) complexes are known to show photochemical activity,>'?
many of these are ions (e.g. Cu(Mezphen),’, Cu(phen)(PPhs),") whose salts have low
volatility. In contrast, neutral metal amide complexes, especially those containing the
bis(trimethylsilyl)amide ligand ((SiMe;s),N"), are often distillable or sublimable.>'* We
now report that the planar tetrameric copper(I) cluster [CulN(SiMe;),]4 (Figure 2.1) is
both luminescent and sufficiently volatile for CVD of Cu films. Chisholm et al. have
recently reported the use of [CuN(SiMes);]4 as a precursor for Cu CVD.2'* However,
their depositions were performed at 275 °C, whereas we show that Cu films form at

substrate temperatures as low as 145 °C. In addition, we find a slightly lower threshold
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