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ABSTRACT

Atomic layer deposition (ALD) is a thin film deposition technique which operates via repeated
alternating and self-terminating surface-based reactions between a precursor and a co-reactant,
separated in time by purge steps. This technique is particularly well-suited to the deposition of
highly uniform and conformal thin films, even on surfaces with nano-scale high aspect ratio
features. Furthermore, use of a metal precursor and a co-reactant in ALD and the related
technique of pulsed-CVD (pulsed-chemical vapour deposition), provides the potential for
deposition of materials that may be inaccessible using CVD methods that rely upon the thermal
decomposition of a single metal precursor. This review surveys the different classes of co-
reactant used for thermal metal ALD/pulsed-CVVD with a focus on the reaction chemistries
known or proposed to be involved. Parallels are drawn between surface-based metal
ALD/pulsed-CVD reactivity and solution-based reactivity including electroless deposition,
solution-based nanoparticle synthesis, and the synthesis of zero-valent complexes bearing
labile ligands. Also described are applications of solution screening and solution mechanistic
studies to the identification of promising new ALD/pulsed-CVD reactivities, and the
generation of initial mechanistic hypotheses as to the fundamental reaction steps involved in
metal ALD/pulsed-CVD. A primary goal of this review is to provide a unique reactivity-based
perspective of metal ALD/pulsed-CVD. In addition, we have endeavoured to illustrate
commonalities between solution-based and surface-based reactions relevant to metal
deposition, and to highlight beneficial applications of the former to the development of the

latter.

Keywords: ALD; pulsed-CVD; metal deposition; reaction pathways; solution studies.
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1. Introduction
1.1. Thermal ALD and pulsed-CVD

For many years, PVD and CVD have been central techniques for the deposition of thin metal
films with a broad range of applications. However, the directional nature of these methods can
lead to difficulties in: (a) obtaining ultra-thin films of uniform thickness, and (b) deposition of
conformal films within nano-scale high aspect ratio features (e.g. trenches or vias), and these
difficulties are becoming increasingly significant in the microelectronics industry as a result of
rapidly decreasing device dimensions. Furthermore, while CVD offers improved conformality
relative to PVD, it suffers from: (a) the potential for particle formation due to reactions
occurring in the vapour phase rather than on the substrate surface, (b) in the case of solid
precursors, dependence of film growth rate on precursor particle size, and (c) unavailability of
precursors for deposition of certain materials, including many of the transition metals [1, 2].
ALD is a technique related to CVD which largely overcomes the limitations outlined
above, although the overall deposition rate is generally much lower than that of CVD. In ALD,
a volatile metal precursor is employed, as in CVD, but in this case, the substrate temperature
and precursor thermal stability are such that the precursor does not undergo thermal
decomposition upon contact with the substrate. Instead, deposition is achieved by repeated
alternating self-terminating surface-based reactions between a metal precursorand a co-
reactant [1-10]. In thermal ALD, the co-reactant is a ‘stable’ entity (e.g. H2, H20, Oz or O3),
while in plasma-enhanced ALD (PEALD), the co-reactant is plasma-generated (e.g. H, O or N
atoms). Potential drawbacks of PEALD are that it introduces additional complexity to an ALD
reactor, exposure to plasma-generated ions and UV-radiation can cause damage to the substrate
and/or the growing film, and conformal deposition inside high aspect ratio features is difficult;
this is especially the case for metal deposition using hydrogen plasma, since hydrogen radicals
have particularly high recombination rates on most metal surfaces [11, 12]. On the other hand,
a major advantage of PEALD is that it can be used to deposit a range of materials at low
temperature, due to the high reactivity of species such as atomic hydrogen, oxygen and
nitrogen. For example, while thermal ALD of silver metal has not yet been reported, PEALD
of silver metal has been achieved using hydrogen plasma in combination with [(fod)Ag(PEts)]

at 120 °C. The silver precursor was delivered at 105 °C, and undergoes surface-based thermal
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decomposition above 140 °C [13], rendering it unsuitable as a candidate for thermal ALD of
silver films using less reactive molecular hydrogen in place of atomic hydrogen. This example
highlights a fairly general challenge in the development of new thermal metal ALD processes
that rely on the existing suite of co-reagents; the availability of metal precursors with
sufficiently high thermal stability and reactivity. PEALD is one way to utilize metal precursors
of limited thermal stability, and the development of more reactive co-reagents for thermal ALD
is another. In this review, only thermal ALD will be discussed, and from herein the term ALD
is used to mean thermal ALD unless otherwise specified.

The reactions in ALD are designed to yield only volatile byproducts, and these, as well
as excess metal precursor / co-reactant, are removed in inert gas purge steps between metal
precursor and co-reactant pulses. The defining characteristic of ALD is that the metal precursor
and the co-reactant are adsorbed and/or react with the surface in a self-limiting fashion.
Therefore, so long as sufficient vapour doses of the metal precursor and co-reactant are
delivered to ensure maximum surface coverage and complete reaction, the thickness of the
deposited film will depend only on the number of precursor/purge/co-reactant/purge cycles,
and the film will grow conformally on all exposed surfaces on which nucleation can occur,
including the surfaces of high aspect-ratio features. If self-limiting behaviour cannot be
achieved, even in cases where ALD reactivity is accompanied by a minor parasitic CVD
process, the overall process is termed pulsed-CVD [1-10].

Although ALD offers advantages not conferred by pulsed-CVD, in both cases use of a
metal precursor and a co-reactant provides access to a broader range of deposition chemistries
than CVD involving thermal decomposition of a single metal precursor. Consequently, both
ALD and pulsed-CVD provide the potential for deposition of materials that are inaccessible
using single precursor CVD, as well as enhanced potential for the development of deposition

reactions capable of operating at low temperature.

1.2. A brief introduction to metal ALD/pulsed-CVD

Relative to metal oxide and metal nitride ALD, examples of thermal metal ALD are far less
common. In fact, as illustrated graphically in Figure 1 (see Section 2 of this review for

references), thermal metal ALD has thus far only been achieved for the least electropositive
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transition metals: the noble metals not including silver and gold, 1% row congeners of the noble
metals, and the group 6 elements molybdenum and tungsten. Beyond this, pulsed-CVD has

been reported for Ti/Al alloy (under UHV conditions), Mn, and Ag; vide infra.
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Figure 1. Periodic table, not including hydrogen, halogens and noble gases, highlighting
metals that have been deposited by thermal ALD or pulsed-CVD (only reports in peer-
reviewed literature are included; see section 2 for references). Metals that have been deposited
by ALD are enclosed by solid black boxes. Metals (or alloys) that have been deposited only by
pulsed-CVD are enclosed by dashed black boxes. Atomic numbers are shown above the atom
symbols and Pauling electronegativities are shown below (for values with two decimal places,
the oxidation state is: I for groups 1 and 11, Il for groups 2, 4-10 and 12, 111 for groups 3 and
13, and IV for group 14) [14]. Non-metals (including semi-metals) and elements without

significant natural abundance are shown in white. The remaining elements are shaded.

From the above discussion, it follows that a major challenge in ALD is the development of
suitable reaction chemistry for deposition of metals not yet accessed by ALD. However, even
for metals that have previously been accessed by ALD, various features of the precursors, the

Page 6 of 43



deposition process and/or the resulting films may prevent commercial application. These
include: (a) difficulties in precursor scale-up, (b) insufficient precursor or co-reactant thermal
stability, (c) an ALD temperature that is too high to be compatible with the desired substrate
(temperatures of 200-400 °C are common; vide infra), (d) an ALD temperature that causes
agglomeration of thin metal films [15, 16], (e) deposition of metal films containing impurities
at levels that are unacceptable for the target application, (f) impractical or complex and costly
deposition conditions (e.g. those involving extremely long pulse or purge durations, an
unacceptably low growth rate, a very narrow ALD temperature window, injection of the
precursor or co-reactant as a solution, or UHV deposition conditions), (g) an unacceptably long
induction period prior to the onset of self-limiting film growth [3, 17], (h) film growth that
does not lead to continuous films at low film thicknesses (island growth) [3, 7], (i) film
morphologies that do not provide the desired physical properties and performance, (j) poor
adhesion between the deposited film and the underlying substrate, and (k) deposition of films
that do not have the desired crystalline phase, crystal orientation, or level of crystallinity.
Which of these potential limitations are relevant will depend on the metal being deposited and
the target application.

Limitations (b)-(e) above can be related fairly directly to precursor, co-reactant and
reaction byproduct volatility/thermal stability, and the reaction pathways occurring at the
surface. By contrast, limitations (g-k) will be substrate specific and are less directly linked to
the fundamental classes of chemical reaction involved in metal deposition. The development of
new ALD methods that overcome limitations such as those outlined above is clearly an
important goal, although in the case of substrate-specific behaviour the development of
multiple fundamentally different reaction chemistries, each with a different substrate scope
may be required. New ALD reaction chemistries that allow for straightforward and controlled
addition of specific impurities via an ALD mechanism may also be of interest. Furthermore,
substrate-selective ALD/pulsed-CVD of metals (e.g. deposition on Pd and/or Pt rather than an
glass, silica or a metal oxide surface [18, 19], on H-terminated Si rather than OH-terminated
SiOz [20], or on substrates patterned with self-assembled polymer monolayers) [21-29] is an
active field of research with its own deposition chemistry requirements.

Metals deposited by ALD have a broad range of potential applications in the fields of

microelectronics (microprocessors, memory devices etc.), flat panel displays, fuel-cells, solar
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cells, and catalysis [1, 7]. In the area of microelectronics, various potential applications of
ALD metal films have been cited in the literature. These include [7]: rear electrode materials
for inverted TFEL devices or plugs for the UHAR contacts of advanced DRAM (Mo, W) [30,
31], positive channel MOS gate electrodes (Re, Ru, Rh, Ir, Pd, Pt) [23], electrode materials in
MIM capacitors for future DRAM (Ru, Ir) [2, 32-34], nanocrystals for non-volatile nanocrystal
memory (W, Ru, Pd, Au) [7], diffusion barriers, adhesion layers or seed layers for copper
deposition (Ru, Os, Rh and others) [32-36], precursors to CoSi», NiSi or PtSi source and drain
materials to replace TiSi> in MOS devices (generated by annealing Co, Ni or Pt metal films on
silicon substrates) [20, 37-41], gate materials for CMOS devices (Pt) [40], and interconnect
wiring (Cu or Ag) [13, 42].

1.3. Precursor and co-reactant property requirements and their relationship to new ALD

reaction chemistry development

ALD, and to a lesser extent pulsed-CVD, place strict requirements on the physical and
chemical properties of metal precursors and co-reactants. In particular, metal precursors and

co-reactants should exhibit:

o Volatility such that the delivery temperature of the compound is below the substrate
temperature, to avoid problems with precursor condensation (for solid precursors used
with an ALD reactor operating under non-UHV conditions, typical vapor pressures at
the delivery temperature are in the 0.01 to 10 Torr range, preferably at least 0.1 Torr
[1]). It is also preferable that the precursor and co-reactant are sufficiently volatile to
allow low-temperature ALD/pulsed-CVD if the reactivity between the precursor, the
co-reactant, and the substrate is such that this can be achieved.

o For ALD, sufficiently high metal precursor and co-reactant thermal stability and
reactivity to ensure that ALD can be achieved at temperatures below the onset of CVD
(the larger the ALD window, the better). A similar criterion will in some cases apply to
pulsed-CVD.
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o Long-term thermal stability at the delivery temperature.
o ALD/pulsed-CVD reactivity that yields only volatile byproducts.

o Surface reactivity which allows adsorption and film growth on both the substrate (in
initial stages of film deposition) and the growing film.

o Scaleable syntheses with reasonable overall yields.

o Low melting points are also desirable, since the use of liquid precursors and co-
reactants helps to avoid particle incorporation and to ensure uniformity in the amount of
precursor and co-reactant delivered in each pulse (for solids, the amount of precursor or
co-reactant delivered in each pulse depends on particle size, which can vary
significantly as precursor / co-reactant is consumed). With respect to the latter point,
use of liquid precursors and co-reactants is less critical for ALD than for thermal CVD,
since film thickness will depend only on the number of reaction cycles, providing that

sufficiently long precursor and co-reactant pulses are employed.

These requirements unavoidably curtail the complexity of ALD precursors and co-reactants.
However, by the same token, the development of new ALD reactivity that is compatible with
precursors and co-reactants that meet the above criteria presents a substantial challenge. This is
especially the case for more difficult targets (e.g. metals currently inaccessible by ALD or low
temperature ALD reactivities), and in many cases the development of new ALD reactivity
must go hand in hand with the design of new precursors able to meet the requirements of the

target reactivity.

1.4. Focus and Scope of the Review

This review aims to highlight the different classes of co-reactant used for metal ALD/pulsed-
CVD, and to discuss the reaction pathways known or proposed to be involved. Where
appropriate, parallels are drawn between ALD/pulsed-CVD reactivity and solution-based

reactivity, including electroless metal deposition, solution-based metal nanoparticle synthesis,
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and the synthesis of zero-valent complexes bearing labile ligands. Also discussed are
applications of solution studies towards the development and study of potential new
ALD/pulsed-CVD reaction chemistries, and our research in the field of copper metal
deposition is used to highlight these applications. It is hoped that this review will provide a
unique reactivity-based perspective of metal ALD, and will highlight the value of solution
studies; both for the development of new ALD reaction chemistries and as a comparatively
straightforward means to generate initial mechanistic hypotheses as to the fundamental reaction
steps involved in metal ALD. As stated in section 1.1, only thermal methods for ALD and
pulsed-CVD are included in this review. Additionally, the review focuses only on deposition

reactions reported in the peer-reviewed literature.

2. Metal ALD and Pulsed-CVD Reactions Organized by Co-reactant

Reaction chemistries utilized for metal ALD/pulsed-CVD are described below, organized
according to the type of co-reactant: [a] O2 (including air) and Oz, [b] Hz, [c] O2, Os or H20
followed by H. [d] main group hydrides (hydrosilanes, hydroboranes and hydroalanes), [e]
amines and hydrazines, [f] CxHyO, organic molecules (formaldehyde, glyoxylic acid, formic
acid, and alcohols), [g] Zn metal, [h] ZnEt, and [i] AlMez. In each section, the first paper(s)
detailing the use of a novel precursor / co-reactant combination for metal ALD are tabulated.
Pulsed-CVD reactions (or CVD reactions for which the use of a reactive carrier gas such as H:
allows deposition to occur at a significantly lower temperature) are included only in select
cases where the reaction chemistry or the deposited metal differs significantly from that
currently accessible by ALD. In each section, one or two representative examples are discussed
in more detail in order to highlight the primary reactions found or hypothesized to be involved
in metal deposition.

2.1. Dioxygen, air or ozone

The noble metals are strongly resistant to bulk oxidation. However, molecular O, can
reversibly adsorb and dissociate on their surfaces (the latter process is significantly less
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favorable on gold) [43-45], providing access to reactive oxo species. As a consequence, O2
(pure, diluted in argon, or air), and in some cases Oz may be used to effect pure metal
deposition (Table 1). This strategy has been employed most often for iridium, platinum and
ruthenium ALD, and several illustrative examples are discussed below. Addition of a strong
oxidizing agent (O2 or Os) to effect metal reduction is at first glance counter-intuitive, but
overall it is the ligands that are oxidized, and this typically occurs at least to some extent by
combustion to release CO, and/or CO and HO.

For the precursor [Ir(acac)s], iridium metal ALD has been reported in the 225-375 °C
range using air or O as the co-reactant [46, 47]. Iridium ALD was also achieved using more
reactive Oz at 210-225 °C, although at lower temperatures (165-200 °C) only IrO, was
deposited [48]. The mechanism for Ir ALD using [Ir(acac)s] and Oz at 300 °C has been studied
using QCM and QMS, leading to the following proposed reaction steps: (1) Reaction of
[Ir(acac)z] with adsorbed oxygen species on the growing ALD iridium surface, releasing 1-2 of
the acac ligands as acetylacetone (proposed to involve reaction with surface hydroxyl groups,
although alternative reactivities can be considered; vide infra) and approximately 0.1 ligand
through combustion. (2) Release of remaining acetylacetonate ligands by combustion during
the subsequent O, exposure, and repopulation of the iridium surface with oxygen species [47].
Presumably Ir ALD using [Ir(acac)s] and Os operates by an analogous mechanism, and the
switch from iridium metal ALD at 210 °C to IrO> ALD at 200 °C suggests that step 1 above
ceases to operate effectively at low temperatures [48].

QCM and QMS studies of Pt ALD using [Cp'PtMes] and O> led to similar conclusions
with 1.6 of the 3 methyl groups eliminated as CH4 during the metal precursor pulse [47].
However, it has recently been proposed that the source of hydrogen for methane elimination in
this step of the reaction is ligand dehydrogenation on the catalytically active platinum surface,
rather than surface hydroxyl groups [49]. QMS studies also recently revealed that in Ru ALD
using [CpRUEt(CO)2] at 325 °C, surface chemisorption of the metal precursor resulted in the
formation of combustion products (CO., CO and H20) and a substantial quantity of H,. By
contrast, during the O pulse, no H2O or other H-containing byproducts were detected. These
observations can be rationalized by the following two steps: (1) The metal precursor adsorbs
on the substrate surface (Ru with adsorbed oxygen atoms), a fraction of the ligands react with

surface oxygen to form combustion products, and the remainder undergo dehydrogenation with
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release of H. into the gas phase. This results in a buildup of carbon (~30% of the carbon atoms
in [CpRUEt(CO)2]) on the substrate surface. (2) The subsequent Oz pulse removes carbon from
the ruthenium surface, releasing it as CO2 and CO, and oxygen-coverage of the ruthenium
surface is re-established. The authors noted that the heterogeneous catalysis and surface
science literature contains many reports of dehydrogenation reactivity on noble metals such as
Ir, Pt and Ru, so it follows that this reactivity may operate in other noble metal ALD processes

involving organic ligands [50].

Table 1. Metal precursor / co-reactant combinations that have been used for metal ALD or
pulsed-CVD and employ Oz or Oz as the co-reactant (not in combination with Hy). This table
focuses on initial literature reports for each metal precursor / co-reactant combination. The first

column of the table indicates whether ALD or pulsed-CVD is claimed, although in many cases

ALD is claimed without demonstration of self-limiting growth.

Deposited Metal ~ Substrate Metal Precursor Co-reactant Reaction Year Reference
(ALD or CVD) Temp. (°C)
Ru (ALD) Al203, TiO, glass RuCpz Oz 275-400 2003 Aaltonen et al. [51]
Ru (LIALD) C nanotubes Ru(od)2 02 325-375 2003 Min et al. [52]
Ru (CVD) HfO2 (thd).Ru(COD) 02 280-320 2003 Dey et al. [53, 54]
Ru (ALD) Al03 Ru(thd)s (0]} 325-450 2004 Aaltonen et al. [55]
Ru (ALD) TiN Ru(Cp®). 0. 270 2004  Kangetal. [56]
Ru (LIALD) Si, SiO, TiOz, TiN (CpF)Ru(2,4-dimethylpentadienyl) 02 230-280 2007 Hwang et al. [57]
Ru (ALD) SiOz, TiN (CsHaMe'Pr-p)Ru(CHD) 0. 220 2009  Kimetal. [58]
Ru (ALD) Si, Si0z, Al,03, TiOz, ZrOz, HfO, Cp'RuCp® 0. 250-325 2010  Kuklietal. [59]
Ru (ALD) Al,03 CpRu{CsHs(CHMeNMez)} air 325-500 2010 Ritala et al. [60]
Ru (ALD) H-term Si CpRUEt(CO)2 [0)3 300 2010 Chabal et al. [61]
Ru (ALD) H-term Si, SiOz, ZrO2, TiN (CpE)Ru(pyrrolyl) air or Oz 275-350 2011 Ritala et al. [62]
Ru (ALD) H-term Si, SiOz, Al:Os, HfO2, TiO2  Ru(NCsHz2Me2-2,5)2 Oz 250-300 2012 Kukli et al. [63]
Os (ALD) Al03 OsCpz [0)3 325-375 2011 Héamaldinen et al. [35]
Rh (ALD) Al03 Rh(acac)s (0]} 200-250 2005 Ritala et al. [36]
Ir (ALD) Al0z or TiN Ir(acac)s air or Oz 225-375 (air), 2004, Ritalaetal. [46]

300 (O2) 2010 Elam et al. [47]
Ir (CVD) Si Ir(CO){OC(CFs):CH.CMe=NPr} 0, (0.5 Torr)*  325-400 2006 Chi and Carty et al. [64]
Ir (ALD) SiOz (on Si) (Cp™)Ir(COD) 02 (<70% in 230-290 2008 Kang et al. [65]

Ar, 1 Torr)?

Ir (ALD) SiOz or Al03 Ir(acac)s O3 210-225 2008 Hamélainen et al. [48]
Ir (ALD) AlO3 Cp'Ir(CHD) 02 225-300 2010 Hamalainen et al. [66]
Pd (LICVD) AlOs or Ir Pd{OC(CF3s)CHC(CF3)N"Bu}. 0 250-275 2004  Aaltonenet al. [67]
Pt (ALD) AlOs or Ir Cp'PtMes air or Oz 300 for air, 2003-  Aaltonenetal. [67, 68]

200 for pure Oz 2004
Pt (ALD) Al03 Pt(acac)2 O3 140 2008 Hamélainen et al. [69]
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(a) At higher concentrations of O, and/or higher deposition pressures, 1rO, was deposited, rather than Ir metal.

2.2. Dihydrogen

Given the reducing nature of Hy, it is an obvious choice as a co-reactant for metal ALD (Table
2), although its practical utility is limited by undesirable reactivity between H; and various
substrates, especially many metal oxides [2, 70, 71]. Palladium metal ALD has been achieved
using Ho at particularly low temperatures as a result of the facile dissociation of H> to hydrogen
atoms on the growing palladium surface [72, 73]. By contrast, most other metals only undergo
ALD with H> at high temperatures (250-400 °C); some exceptions have been reported for
ruthenium and copper. Pulsed-CVD of metallic manganese is particularly notable since
manganese is significantly more electropositive than the other transition metals in Table 2 [74].
A well-characterized example of metal ALD using H: as the co-reactant is discussed below.

The reactions involved in copper metal deposition using [Cuz(amd®®Y);] and H, have
been studied on OH-terminated SiO. using XPS and IR spectroscopy [42]. At 185 °C, initial
surface reactivity takes place between the copper precursor and surface OH groups to form Si-
O-Cu bonds, releasing one equivalent of H(amd®®“) per [Cu(amd®®),] precursor. The
subsequent H, pulse releases most of the remaining amidinate ligands as H(amd*®"), yielding
copper atoms which can migrate and agglomerate to form copper particles. Cu-H bonds are
expected to be formed en route to copper metal but were not detected, likely due to a low IR
cross section or a short lifetime (H atoms have a high recombination probability on copper)
[11]. Reaction of a portion of the liberated H(amd*B¥) with remaining OH groups on the silica
surface [Si-OH + *BuNH-CMe=N°Bu — Si-O-CMe(NH*Bu)2] may or may not occur. An IR
mode at 1605 cm which grows in intensity during Hz exposures and loses intensity upon
[Cuz(amad®BY),] addition was attributed to surface [Cu]-N*Bu-CHMe-NH?®Bu linkages formed as
a result of amidinate anion hydrogenation [42, 75]. However, it is notable that at the lower
temperature of 120 °C, the reaction of neat liquid [Cuz(amdB¥);] with hydrogen yielded only
copper metal and H(amd*BY) [76].

Table 2. Metal precursor / co-reactant combinations that have been used for metal ALD or

pulsed-CVD and employ H: as the co-reactant (not in combination with Oz, Oz or H20). This
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table focuses on initial literature reports for each metal precursor / co-reactant combination.
The first column of the table indicates whether ALD or pulsed-CVD is claimed, although in

many cases ALD is claimed without demonstration of self-limiting growth.

Deposited Metal ~ Substrate Metal Precursor Co-reactant Reaction Year Reference

(ALD or CVD) Temp. (°C)

Mn (CVD) various Mn(amd™""8¥), Hz 300 2010 Gordon et al. [77]

Fe (ALD) Si, C, glass, WN Fez(amd'®¥), Hz 250 2003 Gordon et al. [78, 79]
Ru (CVD) SiOz or Al2Os Ru(thd)s Hz 140 2003 Lashdaf et al. [80]

Ru (ALD) SiO2 Ru(acac)s Ha 300-370 2007 Gelfond et al. [81]
Co (ALD) Si, C, glass, WN Coz(amd”™), Hz2 350 2003 Gordon et al. [78, 79]
Rh (CVD) SiO2 {RhCI(CO)2}- H2 100 1995 Kalck et al. [82, 83]
Rh (CVD) SiOz Rh(allyl)s Hz 80 1995 Kalck et al. [82, 83]
Rh (CVD) SiO2 (acac)Rh(CO)2 Hz 100 1995 Kalck et al. [82, 83]
Ir (ALD) SiO2 IrFe Hz 375 2005 Dussarrat et al. [84]
Ni (ALD) Tior Al Ni(acac)z Hz 250 2000 Niinisto et al. [85]

Ni (ALD) Si, C, glass, WN Niz(amd®), Hz 250 2003 Gordon et al. [78, 79]
Pd (ALD) Iror Pd Pd(hfac). Hz 80 2003 Senkevich et al. [86]
Pd (CVD) SiOz or Al,O3 Pd(thd). Hz 90 2003 Lashdaf et al. [80]

Pd (ALD) Air oxidized Ta Pd(hfac). Hz 80 2006 Luetal. [87]

Pd (CVD) glass or silica powder (hfac)Pd(allyl) Hz 45-60 1996 Kalck et al. [83, 88, 89]
Pd (CVD) glass or silica powder CpPd(allyl) Hz 30-60 1996 Kalck et al. [83, 88, 89]
Pt (CVD) glass or silica powder PtMe2(COD) Hz 90 2000 Kalck et al. [83, 89]
Pt (CVD) Ti, Al, SiOz Pt(acac)2 Hz 250 2000 Niinisto et al. [85]

Cu (ALD) Ta CuCl Hz 360-410 1997 Martensson et al. [90]
Cu (ALD) Pd/Pt, TiN, ITO, Ta, Fe or Ni Cu(thd)2 Hz 190-260 1998 Martensson et al. [18]
Cu (nd)? Tior Al Cu(acac)2 Hz 250 2000 Niinisto et al. [85]

Cu (ALD) Si, C, glass, or Co on WN Cuz(amd®), H 280 2003 Gordon et al. [78, 79]
Cu (ALD) SiO2, SisNs, Co, WN Cuz(amd®4), H 190 2005 Gordon et al. [76, 91]
Cu (nd)? TiN Cu(hfac)z Ha, pyridine 25-100 2010 Chang et al. [92]

(a) nd = not determined.

2.3. Dioxygen, ozone or water, followed by dihydrogen

As described in section 2.1, reaction of [Ir(acac)s] with O3 at temperatures at or below 200 °C
resulted in 1IrO2 deposition, rather than iridium metal deposition [48]. However, iridium metal
ALD could be achieved below 200 °C if each O3 pulse was followed by an H. pulse to reduce
IrO2 [93], and Ir ALD was achieved at 120-180 °C using [Cp'lr(CHD)] followed by sequential
Os and H> pulses (Table 3) [94]. Along similar lines, copper ALD was achieved using cycles of
a CuCl pulse followed by an H>O pulse and then an H pulse (Table 3). The H>O pulse is
suggested to form Cu2O and the H> pulse then converts CuO to Cu [95]. A related nickel
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metal deposition process was reported using sequential pulses of [NiCp.], H20O and hydrogen
plasma at 165 °C. The first two pulses were shown to deposit a NiO film which was converted
to nickel metal upon exposure to hydrogen plasma [96]. In several instances, metal films have
been deposited in two separate non-alternating steps using related reaction chemistry (Table 3).
For example [97], NiO ALD was achieved using [Ni(acac)z] and Oz at 250 °C, and the
resulting film was reduced to nickel metal with H> at 230-500 °C. However, reduction of the

NiO film to nickel metal caused structural collapse of the film and pinhole formation [85].

Table 3. Metal precursor / co-reactant combinations that have been used for metal ALD or
pulsed-CVD and employ both (a) O2, Oz or H20, and (b) H as co-reactants. This table focuses
on initial literature reports for each metal precursor / co-reactant combination. The first column
of the table indicates whether ALD or pulsed-CVD is claimed, although in many cases ALD is

claimed without demonstration of self-limiting growth.

Deposited Metal Substrate Metal Precursor Co-reactant Reaction Temp.  Year Reference
(ALD or CVD) (°C)
Ir (ALD) SiO2, Al,Os or glass Ir(acac)s Os, then Hz 165-200 2009 Hamalainen et al. [93]
Ir (ALD) AlOs Cp'lr(CHD) Os, then Hz 120-180 2011 Hamaldinen et al. [94]
Cu (ALD) Alz0s, SiO; CuCl H20, then H2 375-475 2004 Torndahl et al. [95]
Ni (ALD but step 2 TiN NiCpz H0, then H-plasma 165 Kang et al. [96]
involves plasma)
Ni (stepwise)® glass Ni(acac)2 Og, then (1) 250, 2000 Niinisto et al. [85]

Hz (2) 230-500

(a) Stepwise metal film deposition by deposition of a metal oxide film, followed by chemical reduction of the film. Separate co-reactants and

temperatures are given for each of these steps.

2.4. Main group hydrides (hydrosilanes, hydroboranes and hydroalanes)

In solution-phase organometallic chemistry, hydrosilanes such as Et,SiH, and PhSiH3 are often
employed as reagents for the conversion of metal alkyl complexes to metal hydrides[98]
(although in some cases metal silyl complexes are formed) [99], and in rare cases metal amido
complexes have participated in analogous reactivity with hydrosilanes [100, 101]. These
reactions are typically considered to follow o-bond metathesis or oxidative addition/reductive

elimination pathways, and similar elementary reaction steps can be envisaged for the
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generation of unstable metal hydrides in metal ALD. Indeed H;SiEt, has been employed as a
co-reactant for Cu ALD, SizHs has been used for Mo and W deposition, and SiH4 has been
used for W ALD. Furthermore, the group 13 element hydrides B>Hs and AlH3(NMes) have
been employed as co-reactants for metal deposition; the former for W ALD and the latter for
Ti/Al pulsed-CVD under UHV conditions (Table 4). The overall reactions considered to be
involved in Ti/Al pulsed-CVD are: (1) 3 TiCls + 4 AlH3(NMe3) —» 3 Ti+ 6 H2 + 4 AICIz + 4
NMesz, and (2) AlH3(NMes) — Al + 1.5 H2 + NMes [102].

Tungsten ALD from WFs and Si>He has been studied by QCM, IR spectroscopy, mass
spectrometry, AES and XPS, and at a temperature of 200 °C the proposed surface reactions are
shown in equations 1-3 ([W] denotes the tungsten surface). This sequence of reactions leads to
the formation of SiF4 during the WFe pulse and SiHFs during the Si2Hs pulse, which matches
experimental observations. However, the mechanism by which each of these steps occurs is not
known. The reaction with WFs is self-limiting, while the reaction with Si>Hs is not, perhaps
due to Si2Hs insertion into surface Si-H bonds; this CVD component is not accounted for in
equations 1-3 [103, 104].

(1) [W]-SiHF-SiH3 + 2 WFs — [W]WWHF; + 2 SiF4 + 1.5 Hz + HF
(2) [W]F4 + SizHs — [W]-SiH2F + SiHF3 + 1.5 H2
(3) [W]-SiHzF + 0.5 SioHs — [W]-SiHF-SiH3 + 0.5 H.

ALD of Mo films was also achieved at 120 °C using MoFs in combination with Si>He.
Interestingly, films grown in a high vacuum reactor did not contain silicon impurities, while
those grown in a viscous flow reactor contained around 20 at% Si impurities. Furthermore, in
the Mo deposition reaction, exposure to SioHe led to mass loss, while in the analogous W ALD
reaction, exposure to SioHe led to mass gain. These differences are indicative of different
reaction mechanisms for Mo and W film growth [105]. In contrast to metal deposition
reactions employing group 6 hexafluoride precursors, attempted deposition of metallic Ta by
reaction of TaFs with Si>He yielded TaSix (x ~ 2) [106, 107].

A recent method for low temperature copper metal deposition involved the use of two
co-reactants; each reaction cycle involved pulsing with pyrazole, followed by the copper(ll)

precursor, and then H>SiMe; [108]. This approach allowed copper metal deposition on both Au
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and Ru substrates at the very low temperature of 45 °C. The initial reaction must involve
coordination of pyrazole (without deprotonation) to the metal surface, and the following pulse
of [(nacnac™)Cu(VTMS)] is considered to release H(nacnac™), thereby forming a copper(l)
species bound to the substrate surface via a pyrazolyl anion (the presence of a surface-bound
copper(l) species was confirmed by XPS, and it is this species that is reduced in the H2SiMe>
pulse). The authors drew a parallel between the role of pyrazole in this process and the role of
hydroxyl groups in the deposition of Al.O3z films. However, they noted that unlike surface
hydroxyl groups, the pyrazole molecule is not incorporated into the film. According to the
patent literature, this general process can be extended to other metals (Co and Ru; possibly also
Ni, Pd, Pt, Ir, W and Ta) [109-112].

Table 4. Metal precursor / co-reactant combinations that have been used for metal ALD or
pulsed-CVD and employ main group hydride co-reactants. This table focuses on initial
literature reports for each metal precursor / co-reactant combination. The first column of the
table indicates whether ALD or pulsed-CVD is claimed, although in many cases ALD is

claimed without demonstration of self-limiting growth.

Deposited Metal Substrate Metal Precursor Co-reactant Reaction Year Reference

(ALD or CVD) Temp. (°C)

Cu (decomp)? glass Cu(Pyrlm®), H2SiEt, 160-170 2004 Grushin et al. [113]

Cu (decomp)? SiO, Cu(nacnac®ydie-MeMe), H:SiEt, 100 2005 Park et al. [114]

Cu (decomp)? Au (nacnacee"MeyCy(VTMS) H:SiEt 120 2006 Park and Thompson et al. [115]

Cu (ALD-like)® Au or Ru (nacnac™)Cu(VTMS) pyrazole then 45 2012 Thompson et al. [108]
H2SiMe;

Mo (ALD)? Sior Al0s3 MoFs SizHs 120-180 2011 George et al. [105]

W (ALD) Pretreated SiO2 or Mo WFs SioHs 150-325 2000 George et al. [103, 116]

W (CVD) Pretreated SiO2 or TiN WFs SiH4 300 2002-05 Kim et al. and others [117]

W with some B (ALD) Pretreated SiO2 or TiN WFs B2Hs 300 2002-05 Kim et al. and others [117]

Ti-Al (UHV-CVD) Cu TiCls AlH3(NHs) 65-127 °C 1998 Kodas et al. [102]

(a) limited details were provided; most likely the solid precursor was exposed to H,SiEt, vapours. (b) films grown in a high vacuum reactor did
not contain silicon impurities, while those grown in a viscous flow reactor contained ~20 at% Si impurities. (c) ALD-like conformal deposition
was achieved, but pyrazole did not show self-limiting adsorption, the copper precursor did not appear to react with all of the available surface-

bound pyrazole (even using 15-20 second precursor pulses), and the deposition rate was higher than that expected for an ALD process.

2.5. Nitrogen-based co-reactants
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2.5.1. Ammonia, with or without dihydrogen

Compared with Hz and main group hydrides (RxE>*—~H?%"), amines (R2N®—H?%") are perhaps less
obvious choices as reducing co-reactants. However, NH3 has been used for nickel metal ALD
from [Ni(dmamb),] at 300 °C [29], ruthenium metal ALD from [(amd®®"),Ru(CO),] at 300 °C
(accompanied by ruthenium CVD) [118], and cobalt metal ALD from [Co(amd™™),] at 350 °C
(Table 5) [28]. Futhermore, copper metal deposition was likely achieved from [Cuz(amdt!);]
at 280 °C using NHz [119], and from [Cu(hfac)z] at 283 °C using pulses of H20 followed by
NHz (the H20 pulse was required to initiate deposition on the oxide substrates; the resulting
film was a mixture of Cu and CusN; Table 5) [120]. Taking into consideration the polarity of
N-—H bonds, and the fact that NHs is the standard co-reactant for metal nitride ALD, it seems
safe to assume that these reactions yield metal nitrides which decompose thermally under the
reaction conditions; CoN has been reported to decompose to Co at approximately 300 °C (via
Co2N and CoszN) [121], NisN decomposes to Ni at 300 °C [122], CusN decomposes readily to
Cu above 200 °C (or more slowly under vacuum at 100 °C) [123], and RuN decomposes to Ru
metal above around 100 °C [124, 125].

Ammonia, in combination with Hz, has also been used to prepare metallic Cu films at
temperatures below 250 °C: (a) CusN ALD was achieved using [Cuz(amd®E¥);] and NHs at 160
°C, and treatment of the resulting film with H, at 225 °C provided copper metal [119], and (b)
the reaction of [Cu(PyrimR)2] (R = Me or Et) with a 1:1 mixture of Hz and NH3 at 180 °C was
reported to be more effective for copper metal deposition than the analogous reactions with H»
or NHs alone (Table 5) [113].

The mechanisms of metal ALD reactions involving NHz do not appear to have been
studied in detail, but H(PyrimM¢) was identified as a product formed in the reaction of
[Cu(PyrimMe),] with 1:1 NHa/H2 [113]. In addition, H(amd®2) was the only byproduct in CusN
ALD using [Cuz(amd®®¥),] and NHs, and the use of ®NHs confirmed that the source of
nitrogen in CusN was ammonia, rather than the amidinate ligands [119]. Beyond the field of
metal ALD, it is relevant to note that ammonolysis (using NHs or an ammonium halide) has
also been employed for the synthesis of molecular nitrido complexes of a range of mid- and
early-transition metals including Os, W, Ta and Ti [126, 127], and typical metal precursors in
this reactivity are alkyl [128, 129], alkylidene [130], alkylidyne, amido and chloro complexes
[126, 127].
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Table 5. Metal precursor / co-reactant combinations that have been used for metal ALD or
pulsed-CVD and employ amine or hydrazine co-reactants. This table focuses on initial
literature reports for each metal precursor / co-reactant combination. The first column of the
table indicates whether ALD or pulsed-CVD is claimed, although in many cases ALD is

claimed without demonstration of self-limiting growth.

Deposited Metal Substrate Metal Precursor Co-reactant Reaction Year Reference

(ALD or CVD) Temp. (°C)

Co (ALD) H-term Si or SiO2 Co(amd™), NH; 350 2010 Kim et al. [28]

Co (ALD) H-term Si (allyl®®*)Co(CO)3 NzH2Me: 140 2012 Kwon et al. [20]
Cu (decomp)? glass Cu(PyrimR)z (R = Me, Et) 1:1 NHs/H2 180 2004 Grushin et al. [113]
Cu + CusN (nd)P SiOz or Al2O3 Cu(hfac) NHz or H20 then NHs 283 2006 Torndahl et al. [120]
Cu (nd)® Ru Cuz(amd®), NHs 280 2006 Gordon et al. [119]
Cu (indirect)? Ru Cuz(amd®), NHs to CusN film, then Hz 160, then 225 2006 Gordon et al. [119]
Cu (ALD) SiO; Cu(OCHMeCH:NMe), HCO2H, then N2Ha 100-180 2011 Winter et al. [131]
Ni (ALD) Si, SiO2 Ni(dmamb)z NH; 300 2011 Kimet al. [29]

Ni (ALD) SiO2 Ni(OCHMeCH2NMez)2 HCO2H, then N2Ha 180 2011 Winter et al. [131]
Ru (CVD/ALD mix)  SiOz2 or WN (amd'®“),Ru(CO)2 NH; 300 2007 Gordon et al. [118]

(a) experimental details were not provided. (b) not determined at this temperature, although CuN ALD was demonstrated at 247 °C. (c) not

determined. (d) deposition was achieved in two separate steps (see co-reagents and reaction temperatures in the table).

2.5.2. Hydrazines
In contrast to the reactions described above, cobalt metal ALD was achieved at the low
temperature of 140 °C using [(allyl®®!)Co(CO)s] in combination with dimethylhydrazine (the
authors did not disclose whether 1,1- or 1,2-dimethylhydrazine was used; Table 5) [20]. This
low temperature would appear to preclude any mechanistic proposal involving the intermediate
formation of a cobalt nitride film, since it would be expected to be stable under the reaction
conditions (vide supra). However, initial formation of a surface-bound cobalt hydrazide species
([Co]-C3H4'Bu + N2H2Mez — [Co]-N2HMe; + HoC=CH-CH,'Bu) seems likely [132, 133].
Recently, Winter et al. reported copper metal ALD at the uncommonly low temperature
of 100 °C using [Cu(OCHMeCH2NMez)2] in combination with two different co-reactants
applied in sequence after the metal precursor pulse; formic acid and hydrazine [131].
Hydrazine on its own proved to be unreactive towards the copper(ll) precursor at 100 °C.
However, initial ALD growth studies using just [Cu(OCHMeCH2NMe>).] and formic acid
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yielded soluble green films presumed to be copper(ll) formate. Copper(l1) formate tetrahydrate
is stable below 225 °C, but an aqueous solution of copper formate was previously reported to
undergo rapid room temperature decomposition to copper metal upon addition of hydrazine
[134]. The ability of hydrazine to reduce copper formate to copper metal in solution is clearly
mirrored at the surface during ALD. Winter also reported preliminary reactions that broaden
the scope of this reactivity. Firstly, copper metal ALD was achieved using
[Cu(OCHMeCH2NMe»).], acetic acid and hydrazine, implying that a range of protic acids
could potentially be employed in place of formic acid. Secondly, nickel metal films were
deposited using [Ni(OCHMeCH2NMez)-], formic acid and hydrazine at 175 °C [131].

2.6. CxHyO; co-reactants

2.6.1. Formalin

Formalin [a solution of formaldehyde (HCHO) in water, often containing a stabilizer such as
methanol to inhibit polymerization], gyloxylic acid (HC(O)CO2H), formic acid (HCO2H), and
alcohols (ROH) have all been used as co-reactants for metal ALD or pulsed-CVD (Table 6).
Use of the first two co-reactants likely draws inspiration from their prevalent use as reducing
agents in late transition metal electroless deposition (other common reducing agents for this
application are NaH2PO2, NaBHa4, [NH3OH]CI, N2Hs, and Me2HNBH3) [135-138].

Palladium ALD on an alumina substrate using [Pd(hfac).] and formalin has been
studied in detail using QCM [139] and IR spectroscopic [140, 141] measurements, and on the
basis of these studies, the reaction steps in equations 4-8 ([Al] denotes the alumina surface,
excluding the terminating bond, [Pd] denotes the palladium surface) have been proposed. At
200 °C, some decomposition of [Al]-hfac groups to yield [Al]-O2CCFs groups was also
observed by IR spectroscopy [141], but this reactivity is not included in the basic series of

reactions shown below.
At early stages of deposition (i.e. deposition on alumina) at 200 °C:

4) [Al]-OH + Pd(hfac), — [Al]-O-Pd(hfac) + H(hfac)
(5)  [AI]-OH + H(hfac) — [Al]-hfac + H.0
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(6) 2 [Al]-O-Pd(hfac) + Ho.C=0 — 2 [Al]-O-Pd-H + 2 H(hfac) + CO

At later stages of deposition (i.e. deposition on palladium) at 100 or 200 °C:
(7)  [Pd]-H + Pd(hfac). — [Pd]-Pd(hfac) + H(hfac)
(8)  [Pd]-Pd(hfac) + H.C=0 — [Pd]-Pd-H + H(hfac) + CO

The role of formaldehyde is suggested simply to be the formation of palladium-bound
atomic hydrogen, given that QCM measurements during co-reactant addition were identical for
formaldehyde and H>. The [Al]-hfac species formed in reaction 5 above were identified as the
cause of the long nucleation period for palladium ALD on Al;Os using this precursor / co-
reactant combination. However, they could be removed by reaction with AlMe3z (converting
[Al]-hfac to [Al]-Me) after each formalin pulse, decreasing the number of cycles required for
nucleation and reducing the temperature required in early stages of the deposition from 200 °C
to 100 °C.

Table 6. Metal precursor / co-reactant combinations that have been used for metal ALD or
pulsed-CVD and employ CxHyO, co-reactants. This table focuses on initial literature reports for
each metal precursor / co-reactant combination. The first column of the table indicates whether
ALD or pulsed-CVD is claimed, although in many cases ALD is claimed without
demonstration of self-limiting growth.

Deposited Metal Substrate Metal Precursor Co-reactant Reaction Temp. Year Reference
(ALD or CVD) (°C)
Pd (ALD) Al203, SiO, glass Pd(hfac)2 Formalin 200 (100 after Pd 2006 Elam et al. [139]
nucleation)
Pd (ALD) Al:0s, SiOg, glass Pd(hfac)2 Formalin, then 100 2009 George et al. [140]
AlMes
Pd (CVD) SAM? Pd(hfac)2 Glyoxylic Acid 210 2003 Senkevich et al. [86]
Cu (CVD) Ruaswell as TiN, TaN,  Cu{RC(O)CHC(NCH2CHz- Formic Acid 1250nRu; 2008 Norman et al. [142]
TaCN, SiO2 0OSiMe2CH=CH)R} (R = Me or CF3) 225-250 on other
Ag nanoparticles Glass, SiN, holey (hfac)Ag(COD) in toluene PrOH 110-150 2010 Chalker et al. [143]

(LIALD or LICVD) carbon TEM grid

(a) SAM grown on the native oxide of silicon using bis[3-(triethoxysilyl)propyl]tetrasulfide.

2.6.2. Glyoxylic acid

Page 21 of 43



Glyoxylic acid was used for palladium metal deposition from Pd(hfac), at 200 °C.
However, as the authors pointed out, this co-reactant decomposes thermally in the gas phase to
CO:2 and formaldehyde above 200 °C [144], so it is fairly likely that glyoxylic acid simply

serves as an in-situ source of formaldehyde.

2.6.3. Formic acid

Formic acid has been used as a co-reactant for copper pulsed-CVD using
[Cu{RC(=0O)CHC(=NCH2CH>-0OSiMe,CH=CH2)R}] (R = Me or CF3z; deposition at 125 °C on
Ru, 225 °C on TiN, TaN and TaCN, and 250 °C on SiO) [142]. This CxHyO, co-reactant has
previously been employed for late transition metal (e.g. Pt/Ru alloy) [145] electroless
deposition, but is not a common choice. However it does decompose to either (a) H> and CO>
or (b) H20 and CO in combination with a range of metal surfaces and complexes, and in some
cases, only the former reaction is observed (e.g. decomp. of 1:1 HCO2H/H20 over 5% Ir/C at
110-200 °C or 1% Au/SiO2 at 200 °C) [146-150]. On copper surfaces, formic acid
decomposition also yields primarily H> and CO», and this reaction becomes significant in the
150-200 °C range; the reaction involves the steps shown in equations 9-11 ([Cu] denotes the
copper surface) [151-154]. Copper pulsed-CVD using [Cu{RC(=O)CHC(=NCH,CH,-
OSiMe>,CH=CH2)R}] (R = Me or CF3) and formic acid likely involves reactions between the
precursor and surface-bound atomic hydrogen ([Cu]-H formed during formic acid
decomposition) [142]. However, decomposition of an intermediate surface-bound formic acid
or formate complex that retains intact or fragmented ligands from the metal precursor cannot
be ruled out. Alternative more circuitous mechanisms are also conceivable, given that formic
acid is effective for the reduction of Cu>O to Cu metal at around 150 °C (the reaction
byproducts are CO> and H20) [155-157].

(9) 2[Cu] + HCO2H — [Cu]-H and [Cu]-OCHO (formate is bridging and bidentate)
(10) [Cu]-OCHO — [Cu]-H + CO>

(11) 2 [Cu]-H — 2 [Cu] + H2

2.6.4. Alcohols
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Propanol was recently reported as a co-reactant for silver nanoparticle liquid-injection pulsed-
CVD from [(hfac)Ag(COD)] at 110-150 °C [143]. Related silver liquid-injection CVD (not
pulsed-CVD) processes were reported using [(hfac)Ag(COD)], [(hfac)Ag(PMez)], or AgNO3
dissolved in methanol or ethanol at temperatures in the 150-400 °C range [158-160]. With the
hfac precursors but not with AgNOgz, the mechanism is considered to involve alcohol
dehydrogenation, which is catalyzed by a range of transition metal surfaces and complexes
[161]. Consistent with this proposal, Ag LICVD using [(hfac)Ag(COD)] and ethanol
(MeCH20H) yielded free acetaldehyde (MeCHO) at 200 °C and above. However, H> was not
observed below 350 °C, indicating that at 350 °C and below, both hydrogen atoms provided by
ethanol are eliminated as H(hfac). Plausible reaction steps, the first two of which have been
proposed to occur during MeOH dehydrogenation to formaldehyde at a silver surface [161],
are shown in equations 12-14 ([Ag] denotes the silver surface). Liquid injection CVD using
alcoholic precursor solutions has also been reported for metallic Fe, Ru, Co, Ni, Pt and Cu

deposition [4].

(12) 2[Ag] + RCH20H — [Ag]-H + [Ag]-OCH2R
(13) [Ag]-OCH:R — [Ag]-H + RCHO
(14) 2 [Ag]-H + Ag(hfac). — [Ag]-Ag + 2 H(hfac)

2.7. Zinc metal

Copper and molybdenum deposition has been achieved using alternating pulses of a metal
chloride (CuCl or MoCls) and zinc vapours at 400-500 °C (Table 7). High temperatures were
required since zinc metal and CuCl are low vapour-pressure solids. The lack of self-limiting
behaviour was attributed to dissolution of zinc in copper and molybdenum and etching of
molybdenum by reaction (comproportionation) with MoCls. The reactions proposed to be

involved are shown in equations 15-17.

(15) 2CuCl+2Zn—2Cu+2ZnCl; -or- 2 MoCls+52Zn— 2 Mo + 5 ZnCl;
(16) M +x2Zn— M(Zn)x (M = Cu or Mo and M(Zn)y is an alloy with zinc)
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(17)  x Mo + (5-x) MoCls — 5 MoCl sy

Table 7. Metal precursor / co-reactant combinations that have been used for metal ALD or
pulsed-CVD and employ Zn metal, ZnEt, or AlMes as the co-reactant. This table focuses on
initial literature reports for each metal precursor / co-reactant combination. The first column of
the table indicates whether ALD or pulsed-CVD is claimed, although in many cases ALD is

claimed without demonstration of self-limiting growth.

Deposited Metal (ALD or CVD) Substrate Metal Precursor Co-reactant Reaction Year Reference

Temp. (°C)
Cu (containing 3% Zn) (ALD) Al0s CuCl Zn 440-500 1997 Ritala et al. [162]
Mo (containing < 1% Zn) (CVD) Al20s or glass MoCls Zn 400-500 1998 Juppa et al. [30]
Cu (ALD) Oxidized Si Cu(OCHMeCH:NMe), ZnEt 100-120 2009 Sung and Fischer et al. [26]
Cu (containing ~10% Zn) (CVD) SiO2, Ruor Ta Cu(Pyrim&) ZnEt, 130 2010 Emslie and

Clendenning et al. [163]

Cu (containing a substantial Ruor Ta Cu(Pyrlm&) or Cu(IPSA). AlMes 120-180 2010 Emslie and
percentage of Al) (CVD) Clendenning et al. [163, 164]

2.8. Diethylzinc

In 2009, Sung and Fischer et al. reported the use of diethylzinc (ZnEtz) for copper metal ALD
at 100-120 °C using [Cu(OCHMeCH2NMey)2] as the metal precursor (Table 7) [26]. Shortly
thereafter, we reported similar results using [Cu(PyrImE");] in combination with ZnEt; at 130
°C (Table 7; lower substrate temperatures were not feasible using [Cu(Pyrim&),] due to a
minimum delivery temperature of 120 °C). However, in this case, approximately 10% zinc
incorporation was observed and self-limiting growth could not be achieved. At a temperature
of 130 °C, Cu ALD was proposed to occur concurrently with a parasitic zinc CVD process, and
consistent with this hypothesis, zinc CVD from ZnEt, was observed to become significant on a
copper substrate at temperatures above 120 °C. Sung and Fischer et al. also reported significant
zinc incorporation during attempted copper ALD using using [Cu(OCHMeCH2NMe>).] and
ZnEt; at 130 °C, and surface-based decomposition of ZnEt, to yield zinc metal has been
suggested to occur during the ZnEt,/H20 ALD ZnO process, which operates from 120-180 °C
[165].
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The mechanism of copper metal ALD or pulsed-CVD using ZnEt, as the co-reactant has

not been investigated directly. However, a detailed study of the reactions between

[Cu(Pyrlm™),] and ZnEt; in toluene solution has been reported [166]. These reactions were

monitored primarily by solution NMR spectroscopy (Figure 2), and the reaction byproducts
and intermediates [Cuz(Pyrim'™),] Pyrim®-Et, [(PyrlIm™)ZnEt] and [Zn(Pyrim™),] were

synthesized independently to allow conclusive identification as well as assessment of their

thermal stability and volatility. Based on these studies, the reaction pathways shown in

Scheme 1 were proposed.
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Figure 2. Selected regions of the 600 MHz 'H NMR spectra for reactions between
[Cu(Pyrim™),] or [Cuz(Pyrimi),] with ZnEt, at 20 °C in CsDs: (a) [Cu(Pyrim™),] + 0.3
equiv. ZnEt, after 15 minutes, (b) [Cu(PyrIm'™),] + 1 equiv. ZnEt, after 15 minutes, (c)
[Cu(PyrIm™),] + 5 equiv. ZnEt, after 1 hour, (d) [Cuz(Pyrim'™),] + 5 equiv. ZnEt, after 15

minutes. In spectra (c) and (d), the ZnCH2 peak (0.18 ppm) for ethyl groups exchanging

between [(Pyrlm™)ZnEt] and ZnEt; is not shown (only one ethyl peak is observed because

[(PyrIm'®)ZnEt] is in rapid equilibrium with ZnEt, and [Zn(PyrIm'™),] in solution at room

temperature). Shaded areas highlight chemical shift positions for gaseous byproducts (H,

ethylene, ethane and n-butane). Symbols mark different reaction intermediates and byproducts:

triangle =

[Cuz(Pyrim™,], square =

Pyrim™-Et, cross = [(Pyrim™)ZnEt], circle =
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[Zn(PyrIm™),]. This figure was reproduced with permission from reference [166]. Copyright

2010 American Chemical Society.

'LCuH' Cul,

ZnEt,
- ethylene (

'LZnEt'

- CuL,
Cu + LEt «—XK—— 'LCuEt X 2

Cul, ZnEt,
- butane C
~ 3 'LZnEt

L-Et

Cu+ ~\
<+ 0.5 Cu,L ' \
byproducts 22 , 'CuEt
C ZnEt,
LZnEt ,-" butane
0.5 Cu,l, »

Cu v LEt <——X—— tncuEg, — Y2 o cy

- ethylene -Hy

+ [CuEt],
[CuH],

- ethane

Scheme 1. Reaction pathways for room temperature copper metal deposition from
[Cu(PyrIm™,] with ZnEt, (L = Pyrim™). Reactions marked with an X do not occur. Dotted
arrows represent reactions that cannot be ruled out in the presence of a large excess of ZnEt,.

This figure was reproduced with permission from reference [166]. Copyright 2010 American

Chemical Society.

The fundamental steps involved in this reactivity are outlined below (L = Pyrlm™™). Note
that [ZnL>] is also a potential byproduct in the reactions of ZnEt, with [CulL>]. This byproduct
could form directly via reaction of [LZnEt] with [CuL:] or [Cu.L:], although in solution, these

reactions were shown to be much slower than the analogous reactions involving ZnEt.
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Alternatively, [ZnL2] could form from [LZnEt] by ligand redistribution ([LZnEt] — [ZnL2] +

ZnEty); this reaction was shown to occur upon attempted sublimation of pure solid samples of

[LZnEt] at 70 °C under dynamic vacuum (~10 mTorr), to the extent that the sublimed product

was pure [ZnLz].

1)

)

(3)

(4)

Ligand transfer between the copper precursor and ZnEt; (e.g. CuLz + ZnEt, — LCUEt +
LZnEt).

Rapid consumption of the in-situ generated copper(ll) alkyl complex (LCuEt) by one of
three pathways: (2a) reaction with remaining CuL> (LCuEt + CuL>, — CuzL, + L-Et),
(2b) reaction with another molecule of LCuEt (2 LCuEt — CuzL2 + n-butane), or (2c)
reaction with a second molecule of the ZnEt, co-reactant (LCuEt + ZnEt, — CuEt, +
LZnEt). Pathway ‘2a’ is favored when ZnEt, is added slowly, since CuL. is present in
large excess relative to LCUEt or ZnEt,. By contrast, pathway ‘2b’ or perhaps pathway
‘2¢’ is favored when an excess of ZnEt. is added rapidly to a solution of CuL.. Pathways
‘2a’ and ‘2b’ involve bimolecular reductive elimination. Pathway ‘2¢’ involves a second
ligand transfer between copper and zinc.

Formation of ethyl copper. The product of reactions ‘2a’ and ‘2b’ above is Cuzl2, and
this compound was shown to react with ZnEt, to yield ‘CuEt’ (0.5 Cuol2 + ZnEt; —
‘CuEt” + LZnEt). The product of reaction ‘2¢’ above is CuEty. If this product is formed,
in order to be consistent with experimental findings, it must decompose to give ‘Cukt’
and n-butane as the only reaction products (2 CuEt, — 2 ‘CuEt’ + n-butane).
Decomposition of highly thermally unstable ethyl copper to copper metal by a
combination of B-hydride elimination (‘CuEt” — ‘CuH’ + ethylene) and reductive
elimination [(a) ‘CuEt’ + ‘CuH’> — 2 Cu + ethane, and (b) 2 ‘CuH’ — 2 Cu + H>].

There are likely to be both similarities and differences between the solution reactions

described above and the surface reactions occurring during ALD/pulsed-CVD. However since

the ALD/pulsed-CVD reactions in question were conducted at low temperature, similarities are

more likely than for ALD/pulsed-CVD reactions occurring at high temperature (e.g. > 200 °C).

Overall, it seems probable that ligand transfer between copper and zinc plays a key role in both

the solution and surface reactivity, and that thermal decomposition reactions of in-situ
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generated alkyl copper species are responsible for reduction of copper(ll) in the starting
complex to copper(0) in the metal film. That said, comproportionation reactions that may occur
on a metal surface (e.g. CuL> + [Cu] — 2 [Cu]L or CuzLz, or LCuEt + [Cu] — [Cu]L +
[Cu]Et) are less likely to be involved in solution reaction studies, unless the observed
‘solution’ reactivity occurs primarily at the surface of growing metal particles or film.

The thermodynamics of potential reactions involved in copper metal ALD/pulsed-CVVD
using ZnEt; in combination with [Cu(OCHMeCH2NMez);], [Cu(Pyrim®),] (R = Et and 'Pr),
[Cu(acac)2], [Cu(hfac)2], and CuCl, were the subject of a recent computational study [167].
Reaction classes considered in this study were ligand exchange, reductive elimination and
disproportionation. Additional possibilities such as B-hydride elimination, which is known to
play a key role in the decomposition of various copper(l) alkyl complexes [166, 168, 169], and
bond homolysis were not included.

In general, the reaction pathways calculated to operate during metal deposition match
those observed in solution for [Cu(Pyrim™).] and ZnEt,. For example: (a) ligand exchange
reactions between Cul. and ZnEt, and/or CuzL. and ZnEt, were found to be a prerequisite for
reduction to copper metal, (b) both n-butane and L-Et reductive elimination were found to be
thermodynamically favorable from LCuEt (2 LCuEt — CuL2 + n-butane, or LCuEt + CuL; —
Cusl2 + L-Et; the former reaction is more thermodynamically favorable), and (c) L-Et
reductive elimination from the proposed copper(l) intermediate, Cu,LEt, was found to be
thermodynamically unfavorable (L-Et was not formed in solution reactions of CuzL, with
ZnEt). Interestingly, Elliott et al. also found that of all the metal precursors studied, only
[Cu(PyrimR)2] precursors are likely to undergo comproportionation upon contact with a copper
metal surface (i.e. [Cu] + CuL> — [Cu]-L). However, the authors reached the surprising
conclusion that CuEt; is stable towards reduction and will not yield metallic copper, which
does not seem to be supported by their own data and is contrary to the available experimental
evidence to show that copper(ll) alkyl complexes are typically highly thermally unstable. For
example, reaction of CuCl, with RMgBr (R = Me or Et), MgMe> or MeL.i has been reported to
yield only the copper(l) alkyl product [CuR]» and R2 (ethane or n-butane), presumably via in-
situ generated ‘CICuR’ or ‘CuR2’ [170, 171]. Similarly, reaction of LiCu"Bu, with O or
nitrobenzene was reported to yield [Cu"Bu]» with n-octane as the primary byproduct [172], and
oxidation of [(NHC)CuR] (R = Me or Et) with AgOTTf resulted in rapid formation of
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[(NHC)Cu(OTf)] and R> (ethane or n-butane) via a pathway that does not appear to involve
either alkyl group transfer to silver(l) or alkyl radicals [173].

2.9. Trimethylaluminium

Trimethylaluminium was investigated as a co-reactant for copper metal ALD/pulsed-CVD
from [Cu(PyrimE);] and [Cu(IPSA),] at 120-180 °C. In both cases, copper films were
deposited, but contained significant percentages of aluminium (Table 7). For example, reaction
of [Cu(IPSA).] with AlMesz at 150 °C using a ruthenium substrate yielded a film with the
following composition by XPS after air exposure: 54% Cu, 16% Al, 27% O, 3% C and <0.5%
N. The oxygen content of the film likely arose from aerial oxidation of metallic aluminium,
and the low conductivity of the film is consistent with the presence of insulating Al.Os. While
the goal of this work was pure copper deposition, it is worth noting that B, Al, In, Pd, Au, Ag,
Cr, Ti, Nb and Mn have been cited as copper alloying elements of particular interest for
interconnect applications, and Zn, V, C, Mg, P and Sn were listed as additional elements
worthy of further investigation in this role [174].

Solution reaction studies on the mechanism of copper deposition from [Cu(PyrimE&);]
and AlMe;z yielded a reaction scheme analogous to that obtained using ZnEt,, except that
unlike ethyl copper, methyl copper cannot undergo B-hydride elimination, so it decomposed
directly by reductive elimination of ethane. Polyalkylaluminium co-reactants do not appear to
have been used successfully for pure metal ALD/pulsed-CVD. However, it is notable that they
have considerable precedent as reagents for metal nanoparticle formation [175] and zero-valent
metal complex formation; for example, [Ni(COD)2] [176], [Pd(C2Ha)(PPhs).] [177],
[Fe(COT)2] [178] and [Mo(C2Ha4)(dppe)2] [179] are typically prepared by reaction of
[M(acac)x] with AlEts or AlEt>(OEt) in the presence of appropriate neutral ligands.

3. Solution screening studies for the rapid identification of promising new reaction
chemistries for metal ALD/pulsed-CVD.
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As highlighted throughout Section 2, many metal ALD/pulsed CVD precursor / co-reactant
combinations and their associated reactivities have close relatives in solution reduction
chemistry, particularly in the fields of electroless metal deposition, metal nanoparticle
synthesis, and low-valent metal complex synthesis. The fundamental reaction steps involved in
these reactivities can be expected to exhibit both similarities and differences relative to those
involved in metal ALD/pulsed-CVD, with a greater degree of similarity for ALD/pulsed-CVD
reactions occurring at low temperature, given that the vast majority of solution reactions are
carried out below 150 °C [180]. It is also worth noting that many of the steps involved in
‘solution’ deposition reactions have the potential to take place primarily at the surface of a
growing metal film or particle. These reaction steps would effectively be heterogeneous
surface reactions akin to those involved in ALD/pulsed-CVD, except that they would occur at a
solid-liquid interface rather than a solid-gas interface.

The explicit use of solution screening reactions to identify potential new ALD/pulsed-
CVD precursor / co-reactant combinations is not commonly described. However, we recently
reported screening reactions of this type to evaluate the effectiveness of the potential co-
reactants Znkty, AlMes, BEts, B2Pin2, SnoMes and SioMes for copper [163, 164] and nickel
[164] metal ALD/pulsed-CVD. The copper(Il) and nickel(ll) precursor complexes used in this

work are shown in Figures 3 and 4.

0O, O N
O\Cu/o e iPr=" \CU/O
O/ \O O/ \O o/ \,,_—iPr
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Figure 3. Homoleptic copper(Il) complexes used in solution screening reactions with ZnEt,,

AlMes, BEt3, BoPino, SnoMeg and Si:Meg [163, 164].
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I Ni
E/ \O \N/ \N/ O/ \N/
A I
E =0 or NEt
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ANl N N
Ni Ni i
P~y Ny Bty N D

Figure 4. Nickel(1l) complexes used in solution screening reactions with ZnEt,, AlMes, BEts,
B2Pinz, SnoMes and SioMes [164].

Key findings from these solution studies were: (1) for both copper and nickel, the trend for co-
reactant reactivity was Znkt, > AlMes >> BEtz = B2Pin, > SnoMes > SioMes [163, 164], and
(2) in general, the nickel(1l) precursors reacted with all co-reactants at higher temperatures than
their copper(l1) analogues [164]. These trends were reflected in subsequent ALD/pulsed-CVD
growth studies: (1) copper (containing > 10% Zn or Al) pulsed-CVD was achieved using ZnEt,
and AlMes, but no deposition was observed using BEt3 [163, 164], and (2) using ZnEt; and
AlMes, nickel metal deposition was not observed at temperatures successfully employed for
copper pulsed-CVD using closely related precursors [164]. These correlations provide support
for the usefulness of solution studies for the identification of promising new ALD/pulsed-CVD

reactivity, which is of high value given the very time- and resource-intensive nature of
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ALD/pulsed-CVD reaction studies. However, it is important to point out that the morphologies
of films deposited from solution and by ALD/pulsed-CVD cannot be expected to correlate with
one another. In addition, different criteria determine whether reaction byproducts are removed
effectively during solution film deposition and ALD/pulsed-CVD; in the former, the
byproducts must be soluble, while in the latter the byproducts must be volatile, in addition to
being thermally stable in either case. Solution screening studies should therefore be used
primarily as a guide to whether the desired reduction chemistry is chemically accessible at
moderate temperatures, and to assess the relative reactivities of potential new precursors and/or

co-reactants.

4. Concluding remarks

Given the ability of ALD to deposit highly conformal ultra-thin films of uniform thickness,
even on high aspect ratio and high surface area substrates, ALD has the potential to become a
primary technique for metal film deposition in the semiconductor industry. Furthermore, use of
both a metal precursor and a co-reactant in ALD and pulsed-CVD endows these techniques
with potential for: (a) metal deposition at lower temperatures than are accessible using single-
precursor CVD, and (b) deposition of metals that are inaccessible using single-precursor CVD,
although current ALD reaction chemistries have rarely exploited the latter feature. Given that
the reactions between metal species and co-reactants are central to inorganic and
organometallic chemistry, there are clear opportunities for molecular, solution and surface
chemists from these disciplines to make major contributions to the development of new
ALD/pulsed-CVD reactivities, ideally concurrent with the design and synthesis of tailored
metal precursors. However, a large number of challenges stand between the demonstration of
new ALD/pulsed-CVD reaction chemistries (those that operate within the desired temperature
regime and yield metal films of the desired purity) and commercial applications, and many of
these challenges fall more into the domains of materials science, engineering, and process
integration. The development of ALD/pulsed-CVD is therefore a multidisciplinary
undertaking, and it is hoped that this review will serve to clarify and categorize the current
armoury of ALD/pulsed-CVD reaction chemistries, and to highlight the potential contributions

that solution-based studies can make towards development and understanding of the field.
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